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 ABSTRACT 
 
A comprehensive literature review shows that performance of hot mix asphalt 
(HMA) is influenced by properties of aggregate. Current situation is that only limited 
efforts were dedicated to aggregate tests and criteria on aggregate, compared to 
researches on new binder tests, especially to that of fine aggregate. Superpave (Superior 
Performing Asphalt Pavement) tests/criteria on aggregate need to reflect those properties 
that influence performance. Representatives of the aggregate industry and the Superpave 
Mixture/Aggregate ETG (Expert Task Group) have reached the consensus for the need to 
improve aggregate tests and criteria as one of the most needed aspects left to complete in 
the Superpave system. 
            In this thesis, an alternative method is carried out for this purpose with the help of 
image facilities, due to its accuracy in quantifying the size, shape and surface property of 
aggregate particles. In this study, basic image acquisition and processing principles were 
illustrated, and totally eighteen morphological indices were measured over each of the 
2500 particles; Sieve Size was compared with the size of particles and positive 
correlation demonstrated the feasibility of the image method; besides, analysis of 
angularity showed that either Method A or Method B of Tests of Uncompacted Void 
Contents could be adopted for correlation of its results with the measured angularity; as 
an important component of this study, Tests of Uncompacted Voids Content and Internal 
Friction Angle were performed and their results are correlated with the angularity, and 
results from both tests provided excellent correlation with image based indices. This 
 ix
study demonstrates the validity of the digital image method in morphological analysis of 
fine aggregate. 
 
 
  
 x
CHAPTER 1. INTRODUCTION 
1.1 Background  
In Superpave mix design, the selection of binder and aggregates, and the selection 
of a gradation are the two critical steps that determine the mixture properties and 
therefore the performance. Although binders are an important component in the asphalt 
mixture, the variability of binder properties is less than that of aggregates and mixture 
properties; and the choice of the types of binder is also limited by the available binder 
sources. Therefore the variability of mixture properties is mainly determined by 
aggregate properties and the gradation. The study of aggregate properties (characteristics) 
and their relation to mixture properties is critical to mix design (Brown, E. R. et al. 1989). 
The Superpave aggregate evaluation includes several tests on the consensus 
aggregate characteristics such as the percentage of elongated particles, the fine aggregate 
angularity, the coarse aggregate angularity, and the equivalent sand content [SHRP-A-
410].  The fine aggregate angularity was defined as the percent air void present in 
uncompacted aggregates and was determined using the test method--AASHTO TP 33. 
The coarse aggregate angularity was defined as the number of crushed surfaces of a 
particle and was determined by Pennsylvania DOT’s Test Method No.621. Clearly the 
quantities defined and the procedures to measure the coarse and fine aggregate angularity 
are not consistent. The coarse aggregate angularity is qualitative while the fine aggregate 
angularity is more quantitative and related to particle shape, surface roughness and 
surface texture etc. Yet the fine aggregate angularity is also related to the packing 
compatibility of the fine aggregates in the proportion specified in the fine aggregate 
angularity test and therefore is not a performance related parameter because fine 
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aggregates in real gradations may not have the same proportion as that in the fine 
aggregate angularity test. The fine aggregate angularity is considered as a comprehensive 
indirect measurement of shape, roughness and texture of fine aggregates. The advantage 
of the fine aggregate angularity test is simplicity; the disadvantage is that the test does not 
measure the contribution of shape, roughness and texture separately and therefore is not 
sensitive to aggregate characteristics. 
As a result, the Superpave aggregate evaluation has had a lot of problems in 
implementation. For example, there are arguments over the specified values of the aspect 
ratio thereby to define the elongated particles, which is not a sensitive measurement 
related to performance. There are also many research projects presenting controversial 
conclusions in that some claimed that the fine aggregate angularity was sensitive to 
aggregate and mixture properties and some claimed the opposite. In addition, the 
requirement on the fine aggregate angularity often results in the denial of local quality 
aggregates, leading to higher costs by use of imported aggregates. The overall 
consequence of using the current aggregate evaluation is that mixes using aggregates that 
meet the aggregate specifications may not perform satisfactorily and vice versa. This 
situation needs improvement urgently as the paving industry moves towards “Warranty 
Specifications”. 
It is known that aggregate shape; angularity and surface texture have an influence 
on the performance and serviceability of hot-mix asphalt pavements (Brown, E. R. 1989; 
Barksdale. R. D. 1992; Kim. Y. R. 1992). The quantification of aggregate geometric 
irregularities is essential for understanding their effects on pavement performance and for 
selecting aggregates to produce pavements of required quality. So, the quantification of 
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shape, angularity, and surface texture is important, as high-quality pavements are needed 
to meet increases in traffic volume and load. Aggregate geometric irregularities are very 
complex and cannot be captured fully by any single test. (Mather. B.1966) and (Janoo, V. 
C.1998) provided good summaries on methods used to characterize the shape, angularity, 
and surface texture of aggregates. It is generally accepted that form (overall shape), 
roundness (angularity), and surface texture are essentially independent properties of 
geometric irregularity because one can vary widely without necessarily affecting the 
other two. However, none of the test methods currently available makes it possible to 
quantify separately the shape, angularity or surface texture. Usually, these characteristics 
are grouped together as geometric irregularities. 
Superpave is a totally new system, which requires new equipment and test 
procedures. Little experience has been accumulated in this field. Through comprehensive 
material testing, this study has assisted Superpave in understanding the fundamental 
engineering properties of the aggregate, an integral component of HMA mixture for the 
designated field projects. It is necessary to admit however, that the indices measured in 
an image laboratory do not necessarily correlate well with performance in the field due to 
confining pressure, underlying support, stress distribution, etc. Therefore, laboratory test 
results will differ from actual mix behavior in pavements. Consequently, it is important to 
correlate the results from laboratory testing with mixture behavior in the field. The 
knowledge generated by this investigation can be used to correlate laboratory versus 
conventional tests to evaluate field performance and also offers a point of comparison to 
evaluate other projects that use Superpave HMA mixtures. Furthermore, results from this 
investigation reveal the need in continuing research aimed to recommend specification 
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changes in VMA or film thickness. The aim of this thesis is to develop direct 
measurements of the various aspects of geometric irregularities and to find the most 
effective parameters to estimate them. In this regard, it is necessary to carry out a set of 
imaging indices to quantify the shape, angularity, and surface texture. 
Digital-image processing and analyses are powerful computer-based methods for 
gathering information and have been important tools in many diverse fields. With the aid 
of a modern image-analysis system, numerous attributes (e.g., area, length, perimeter, 
orientation) of each individual feature (particle) in an image can be measured almost 
instantly, which makes digital-image analyses potentially excellent tools in evaluating the 
geometric irregularities of aggregates. 
Louisiana Department of Transportation and Development’s (LADOTD) Asphalt 
Concrete Hot Mix Specification Committee has developed an implementation plan for 
the more advanced flexible pavement design method, the Superpave.  Extensive testing 
programs were designed to obtain the necessary data to characterize these Superpave 
mixes for the implementation of the Superpave system in Louisiana, among which the 
evaluation of aggregates plays an important role. Besides the traditional fundamental 
engineering tests such as Uncompacted voids test, tests of Aggregate Particle Shape and 
Texture were used to evaluate the laboratory performance of these mixes. 
1.2 Objective of Study 
 
The purpose of this study is to develop methods to qualify direct measurements of 
the performance related properties of pavement aggregate from different resources with 
image technology. In this study, basic image acquisition and processing principles will be 
illustrated, and morphological indices of aggregate will be measured on about 2500 
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particles; Sieve Size will be compared with the size of particles; also, analysis of 
angularity will be performed to find relations between both different sizes and different 
aggregate types; being an important component of this study, Tests of Uncompacted 
Voids Content and Internal Friction Angle will be performed to correlate with the 
angularity. In addition, the author developed a series of Visual Basic codes, which 
facilitate the implementation of image acquisition and image processing greatly.  
1.3 Scope of Study  
Evaluation of aggregates by imaging methods is obtained in three main steps: 
image acquisition, image processing and indices measurement. For the image acquisition, 
two image acquisition methods, the reflection method (optical microscope) and the 
transmission method (optical microscope) are applied to get the 2500 images, Imaging 
processing mainly deals with segmentation and filtration of image. Measurement includes 
measuring of totally eighteen indices, on which  the aggregate morphological description 
is based on. Tests of Uncompacted Voids Content and Internal Friction Angle were 
performed for validity of this method. Results from both tests were correlated with image 
based indices. 
1.4 Limitation 
 This study only deals with image-based aggregate analysis in two-dimension 
(2D) scope, so the real shape (three dimension images (3D)) cannot be reconstructed, and 
all the measurements and analysis are based on 2D images. Also no Correlations with 
Mixture Performance were carried out in this study. 
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CHAPTER 2. LITERATURE REVIEW 
Asphalt concrete is the most widely used paving material in the United States. 
Two empirical methods, the Marshall and the Hveem methods, have been successfully 
used since the 1940s to design mixes. With the increasing use of the highway system and 
increasing truck loads, a new design method became necessary. During the early 1990s, 
the Strategic Highway Research Program (SHRP) developed the Superpave mix design 
system to meet increasingly severe pavement-performance requirements. 
The Superpave mix design system is a comprehensive method that facilitates 
proper selection and use of asphalt binder, aggregate, and any necessary modifier to 
achieve the required level of pavement performance. Although the main focus of SHRP 
research was asphalt-binder selection, some desirable characteristics of aggregate were 
identified. Important aggregate characteristics are gradation control, coarse-aggregate 
angularity, fine-aggregate angularity, toughness, soundness, deleterious materials, clay 
content, flat and elongated particles, and dust proportion.  
In the Superpave mix design method, fine aggregate angularity is controlled with 
the uncompacted voids requirements (ASTM CI252) (Ahlrich (1996) developed an 
uncompacted voids test for coarse aggregates and got some similar results as that of the 
fine aggregates). Usually, fine aggregate is classified into two sorts: the crushed stone 
aggregates (manufactured sand) and the sand and gravel aggregates (natural sand). 
Crushed stone aggregates are produced from many natural deposits including limestone, 
granite, trap rock and other durable mineral resources. Production of these aggregates 
requires blasting and excavating the broken stone from quarries followed by progressive 
stages of crushing, screening, washing and blending. Usually, aggregate products range 
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in size from Rip-Rap, where each stone may weigh several tons, to manufactured sand for 
use in asphalt products. The numerous sizes and gradations are determined by their 
intended use and each complies with the specifications established by governmental 
agencies or customer's requirements. Crushed stone is used in the construction of 
pavements of highways, railroads, airports, etc. Sand and gravel aggregate is produced in 
each of Aggregate Industries' regional business units. These resources, harvested from 
both glacial and alluvial deposits, are processed by a series of crushing, screening and 
washing operations. The aggregate produced is subsequently used in the manufacture of 
ready mixed asphalt. Specific quality control and flexible processing are required to meet 
the needs and specifications of federal, state and local agencies, as well as commercial 
and residential contractors. Sand and gravel products are also used for ice control to keep 
highways safe during inclement weather. 
Several researchers have investigated the role of fine aggregate in asphalt 
mixtures (Monismith, C. L.1970; Benson, F. J. 1970; Brown, E. R. et al. 1989; Barksdale, 
R. D. et al. 1992). Early studies concluded that natural sands, which tend to be rounded, 
were a common cause of premature rutting, whereas manufactured sands, which tend to 
be angular, resulted in better pavement performance (Lottman, R. R. et al.1956; 
Shklarsky. E. 1964). Accordingly, many state highway agencies have specified a 
maximum limit on the amount of natural fine aggregate in asphalt mixtures for heavy-
duty pavements. 
However, during the Strategic Highway Research Program, it was realized that 
the use of generic terms such as natural sand or manufactured sand in specifications was 
not objective. There are natural sands that are subangular rather than being completely 
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rounded, and not all manufactured sands are completely angular. Therefore, it was 
essential to quantify the angularity of fine aggregates on a more objective basis. 
In the Superpave system, fine-aggregate angularity is defined in terms of the 
percent air voids present in loosely compacted aggregates. The underlying principle is 
that higher void contents indicate more fractured faces. This test is described in the 
AASHTO T304. 
Recent experience with the current Superpave criterion shows that there are cases 
in which the test does not discern poor-quality from high-quality fine aggregate (Huber. 
G. A. et al. 1998). In addition, there are crushed fine aggregates that fail to meet the 
Superpave criterion (Lee, C.-J. et al. 1999). These observations have encouraged 
exploring of the potential for using other techniques to quantify fine-aggregate angularity. 
Digital-image analysis techniques are fast becoming versatile tools in quantifying 
object geometry. Recently, they have been used in several investigations to better 
understand the behavior of asphalt mixes as it relates to the characteristics of its 
constituents. Some studies have focused on quantifying the internal Structure of 
compacted asphalt mixes in terms of air void distribution and aggregate orientation (Yue. 
Z. Q. et al. 1995; Masad. E. et al.  1998; Masad, E. et al. 1999). Other studies have been 
devoted to utilizing imaging techniques to describe the shape of aggregates with 
emphasis on elongation (Barksdale, R. D. 1991; Kuo. C. Y. 1996; Brzezicki, I. M. 1999), 
angularity (Li. L. P. et al. 1993; Wilson. I. D. et al. 1996; Yudhbir. J. et al. 1991), texture 
(Masad. E. 2000; Hryciw. R. D. 1996) and surface area (Wang. L. B.et al. 1998).  
Another method for the particle index test to evaluate particle shape and surface 
texture was developed by Huang (Huang, E. Y. 1967), 1962. Particle index is determined 
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by rodding aggregate in a mold and determining the voids. With subsequent research, this 
test has been standardized as Index of Aggregate Particle Shape and Texture (IPST) 
(ASTM D3398). Boutilier (Boutilier, O. D. 1967) found that particle index linearly 
relates with percent fractured faces and that asphalt-concrete mix stability increases with 
increasing particle index. McLeod and Davidson (McLeod, N. W. 1981) also found that 
particle index could effectively characterize aggregate properties that are related to the 
stability of a hot-mix asphalt mixture. Ahlrich (1996) found that aggregate particle index 
was related to permanent deformation characteristics of asphalt concrete. 
Both uncompacted voids and particle index tests have been used primarily in research 
(Kandhal, P. S. et al. 1997), but both have promise for controlling aggregate quality. 
However, several issues need to be resolved prior to adoption. Two of these are: 
1) Separation of the effect of gradation from particle angularity, shape, and 
surface   texture. 
2) Clarification of the contrary influence of flat and/or elongated particles on 
uncompacted voids. Angular, rough-textured, and equidimensional particles are desirable 
for asphalt concrete (Li. L.. P. et al. 1993). 
Angularity and rough surface texture increase uncompacted voids and particle index and, 
therefore, higher UV and IPST would also seem desirable. However, nonequidimensional 
particles (i.e., flat and/or elongated) are not desirable but also increase uncompacted 
voids. 
So it is necessary to develop computer-automated procedures that make use of 
advances in digital-image processing to quantify fine-aggregate angularity. Besides the 
ability of conquering the two problems listed above. They should also possess firstly, the 
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ability of the proposed techniques to describe angularity should be verified by some 
examples, and secondly, the techniques should be used to capture the angularity of 
several aggregate samples, and the results need to be compared with indirect measures 
that are commonly used to estimate fine aggregate angularity. The method proposed in 
this study will meet all the necessary demands. 
 10
CHAPTER 3. FUNDAMENTALS OF IMAGE ACQUISITION, IMAGE 
PROCESSING AND MEASUREMENT 
 
3.1 Introduction 
 
When we review the scientific and technological advances over the past decades, 
we have to admit that they were totally dominated by digital data collection and digital 
data processing (Jan Teuber, 1992). After the prosperity of the pocket calculator in the 
1970s, personal computer highlighted the technological summit of 1980s. Entering the 
1990s, with the newly born technology of an intergrated light detector—a charged 
coupled device, digital camera enlarges eyes of human being and facilitates the 
implementation of digital technology. 
Image analysis with digital technology involves the basic knowledge of images. It 
is a science of automatically understanding, predicting and creating images from the 
perspective of image sources. The essential technologies of the science are image 
component modeling, image creation and data visualization. However, image source 
characteristics include quite a lot of aspects; for example, illuminant spectral properties, 
object geometric properties, object reflectances and surface characteristics, as well as 
numerous other factors, such as ambient lighting conditions, not to say difficulties arise 
from specific research areas. Therefore, we can see that there are still a lot for us to do for 
better implementation of image technology for specific application. 
In aggregate evaluation, although we have very highly advanced apparatuses, 
there is still much work that needs us to do as for the difficulties mentioned before. 
Nevertheless, image based aggregate evaluation is inevitable for its accuracy in 
description and measurement. This chapter presents a brief introduction to the procedure 
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of using imaging equipment and software to acquire and process images and measure 
shape indices of aggregates. 
3.2 Fundamental Theory of Image Digitalization 
3.2.1 Concepts of Image Processing  
An image is a visual representation of an object or group of objects.  
Probably most people are familiar with photographic images; however, 
photographic images do not lend themselves to computer analysis because computers 
work with numerical rather than pictorial information. Image processing manipulates 
information within an image to make it more useful. In order to process an image with a 
computer, the image must be converted into numeric form. This process is known as 
Image Digitization.  
3.2.2 Conception of Pixel and Digitalization 
The digitalization process divides an image into a grid, or array, of very small 
regions called "picture elements," or "pixels".  
In the computer, the image is repres
bitmap is identified by its 
position in the grid, as referenced 
by its row (x) and column (y) 
number. By convention, pixels 
are referenced from the upper-
left position of the bitmap, which 
is considered position 0, 0 (row 
0, column 0). 
ented by this digital grid, or bitmap. Each pixel in the 
Figure 1. Illustration of Pixels in a Bit Map (Cited 
from Image-Pro Version 4.1 for Windows-Manual) 
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Note: For illustrative purposes, the pixels in the drawing above are shown much larger 
 photograph, is digitized, it is examined in grid 
fashion
rray are chosen and 
fixed. T
 
than their actual size. A pixel usually represents a very small region within an image, 
often 1/300th of an inch square, or less. 
When a source image, such as a
. That is, each pixel in the image is individually sampled, and its brightness is 
measured and quantified. This measurement results in a value for the pixel, usually an 
integer, which represents the brightness or darkness of the image at that point. This value 
is stored in the corresponding pixel of the computer's image bitmap.  
When the image is digitalized, the width and height of the a
ogether, the bitmap's pixel width and height are known as its spatial resolution. 
 
 
 
 
 
l Depth 
upon the capability of the measuring hardware and the complexity of 
the ima
 
 
 
 
               
Figure 2. Illustration of Color Pixels (small squares in the window above) 
3.2.3 Pixe
Depending 
ge, anywhere from 1 to 32 bits might be used to store each pixel value.  
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Pixel values for line art images, which contain only black and white information, can be 
easily represented by a single bit: 0=black, 1=white.  
However, a photographic-like image contains much more information. It takes 24 
bits to represent all the possible colors that might occur in a true color image. Given 24 
bits, over 16 million colors, far more than the human eye can differentiate, can be 
represented.  
The number of bits used to represent the pixel values in an image is referred to as 
its pixel depth, or bits-per-pixel (BPP). The number of bits per pixel used to represent 
each pixel value determines the image's class. 
3.2.4 Gray Scale 
Gray Scale pixel values represent a level of grayness or brightness, ranging from 
completely black to completely white. This class is sometimes referred to as 
"monochrome." In an 8-bit Gray Scale image, a pixel with a value of 0 is completely 
black, and a pixel with a value of 255 is completely white. A value of 127 represents a 
gray color exactly halfway between black and white (medium-gray), and a pixel value of 
64 has a gray color halfway between medium-gray and black. 
 
Figure 3. Illustration of Gray Scale Pixels (small squares in the window above) 
(Cited from Image-Pro Version 4.1 for Windows-Manual) 
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Although Gray Scale images with bit depths of 2, 4, 6, 12, 16 and 32 exist, 8 BPP 
Gray Scale images are the most common. This is for two reasons: 1) its 1-byte-per-pixel 
size makes it easy to manipulate with a computer, and 2) it can faithfully represent any 
gray scale image because it provides 256 distinct levels of gray (the human eye can 
distinguish less than 200 gray levels). 
3.2.5 Concept of RGB 
The RGB image class uses the most straightforward way of representing color 
images. RGB stands for "Red, Green and Blue," the three primary colors of light. From 
the development of color photography and color television we have learned that any color 
can be represented as a mixture of varying levels of pure red, green and blue light. RGB-
24 is referred to as True Color. 
In a True Color bitmap, each pixel contains a 24-bit value, called an RGB "triplet" 
or "chunk." This RGB-triple is made up of three separate 8-bit samples. Each sample 
represents the level of brightness of its respective color channel: Red, Green or Blue.  
These brightness values represent levels within a 256-level scale, just as they do 
in a Gray Scale image. The first sample is a level of Red, ranging from 0 (black) to 255 
(brightest red). The second sample is interpreted as a level of green, and the third sample 
is the level of blue. Equal levels of Red, Green and Blue always generate a level of gray. 
Due to the increasing popularity of digital cameras, Image-Pro Plus version 4.0 supports 
36- and 48-bit color images. The storage for the classes is similar to the method used to 
store the 24-bit images: triplets of 16-bit words (16-bit red, followed by 16-bit green, and 
16-bit blue, followed by the triplet for the next pixel).  
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The two classes are different only in the maximum range for intensity-related values 
(4095 for RGB-36 versus 65535 for RGB-48). Although Image-Pro supports True Color 
36 and True Color 48 images for analysis purposes, most popular file formats do not 
support these image classes. 
3.2.6 Introduction to Image Class 
While the bit depth (BPP) tells us how many unique colors an image can possess, 
it does not tell us what colors are actually contained within the image. Color 
interpretation is determined by bit depth and one of several conventions, which Image-
Pro refers to as Image Class. The following classes are supported by many kinds of image 
processing software packages: 
-Gray Scale 8; 
-Gray Scale 12; 
-Gray Scale 16; 
-Floating Point (Gray Scale 32); 
-RGB 24 (True Color); 
-RGB 36; 
-RGB 48; 
-Palette. 
3.3 Digital Image Acquisition 
3.3.1 Digital Image 
At present, many image labs use optical microscopes, or sometimes electronic 
ones together with digital cameras to obtain digital images. The two types of methods are 
of the same procedure, just one of them, such as the SPOT Insight camera with its 
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microscope is described here. Please see the Figure 5, which is the data collection system 
we adopted for part of data. 
 
 
 
Figure 4. Illustration of Image Acquisition with Optical Microscope 
(Cited from Image-Pro Version 4.1 for Windows-Manual) 
 
 
 
 
 
 
 
 
 
3.3.2 Image Acquisition of Aggregate of Different sizes 
If you are using a digital camera and have selected a digital camera driver from 
the Setup tab dialog page, usually you will find that some of the options on that page will 
be different. Some of the other page dialogs, such as Preview, will also be slightly 
different. You will not see the Integration and Signal tab dialog pages; and there will be 
an Acquire page. 
The following three steps are usually offered in many image acquisition software and 
they are: a. Setup, b. Preview, c. Acquire. 
Note: Images of aggregates of different sizes are taken with different magnifications, 
following the same procedure. 
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3.3.3 Criteria of Good Images for further Processing 
Standards for good images for further processing and analysis are as follows,  
1). The same background image intensity for the same image of particle; 
2). The boundary must be clear enough, and distinguished from its shade on the  
     background; 
3). Acquisition of the image must be performed on the most stable position of the  
     Particle; 
4). Transference of images between different PCs using floppies is recommended to be  
     carried out in a format of “jpeg”, which means the best image quality with smallest 
size and is set as mostly used image format. 
The optical microscope depends on the visible light to get images. It only works 
in the 2-dimensional domain. But it is a powerful tool with low costs for many 
conventional analysis applications.  For the 3-D analysis, the X-Ray proves to be a very 
powerful tool in microstructure based reconstruction modeling & simulation in many 
industrial fields, such as in the aerospace industry and medicine industry. But these topics 
are not the interest of the study. 
 
3.4 Digital Image Processing 
3.4.1 Binary Image and Segmentation 
 
A binary image is an image contains only 2 kinds of colors; each color has a 
constant intensity. The value of each pixel in this image falls in either one of the 2 colors.  
Segmentation is a process by which certain colors (or gray levels) in an image can 
be visually identified and then isolated from the image as a whole. Areas identified by 
 18
segmentation (classes) can be either removed from the image or kept, while discarding 
the remainder of the image.  
Therefore, this process can be used for separating items or objects of interest from 
the "background noise" that naturally occurs in most acquired images. Further, 
segmented areas can be either kept in their original color or turned into a single color 
(masking). Sometimes, you might use the Segmentation to separate objects or features 
from the background, based upon their color characteristics to extract just the objects of 
interest from an image, modify them, and then return them to the image. 
The Segmentation command extracts objects by locating all objects of the 
specified color(s) and setting everything else to black. You can also do the reverse; and 
remove (set to black) objects of the specified colors, and keep everything else. We may 
write the final segmented image using its remaining original colors, or convert it to black 
and white. 
3.4.2 Procedure of the Processing and Measurement 
 
Below are the fundamental steps of the procedure:  
1) Sieving of Aggregates (from nine sources);  
2) Image-acquisition of aggregates of different sizes (with Image Spot); 
3) Image-processing of the acquired images to get appropriate binary images for 
analysis (with Image-Pro); 
4) Measurement of the binary images to obtain data of interested indices; 
5) Analysis of the data; 
6) Documentation of the work (data and report). 
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3.4.3 Aggregate Morphological Description 
Aggregate Morphological Description refers to shape, surface roughness and 
surface texture among the aggregate index. In Paving Industry, these three indices can tell 
the differences in aggregate quality relevant to performance. We have established some 
Programs to get values of the aggregate index. 
Many image processing programs offer quite a few measurement options, some of which 
are as follows. All spatial measurements are reported in the current spatial unit; all 
intensity measurements are reported in terms of the current intensity calibration. The 
mostly utilized ones are listed below: 
1. Area: the area of each object (minus any holes). The area comprised of pixels 
having intensity values within the selected range is reported unless the Fill Holes option 
has been enabled. If Fill Holes is enabled, all pixels within the object perimeter are 
included in the area measurement. 
2. Aspect: the ratio between the major axis and the minor axis of the ellipse 
equivalent to the object (i.e., an ellipse with the same area, first and second degree 
moments), as determined by Major Axis/Minor Axis. Aspect is always ≥1. 
3. Diameter (max): the length of the longest line joining two outline points and 
passing through the centroid. 
4. Diameter (mean): Reports the average length of the diameters measured at two 
degree intervals joining two outline points and passing through the centroid. 
5. Diameter (min): the length of the shortest line joining two outline points and 
passing through the centroid. 
 20
6. Perimeter: Measurement to report the length of the outline of each object. 
When holes are outlined, the perimeters of the holes are added to the perimeter of the 
object. 
7. Roundness: the roundness of each object, as determined by the following 
formula:  
A
P
⋅π4
2
 
  
Where, P2 is the length of the outline of each object; and A is the area of the profile of the particle 
projection.  When holes are outlined, the perimeters of the holes are added to the perimeter of the object. 
Circular objects will have a roundness = 1; other shapes will have a roundness > 
1. 
8. Size (length): the feret diameter (caliper length) along a major axis of the 
object.  
9. Size (width): the feret diameter (caliper length) along a minor axis of the 
object.  
10. Perimeter (Convex): the perimeter of the convex outline of each object.  
11. Perimeter (Ellipse): the perimeter of the ellipse surrounding the outline of 
each object.  
12. Perimeter (Ratio): the ratio of the convex perimeter to the perimeter of the 
outline of each object.  
13. Fractal Dimension: the fractal dimension of the object's outline. 
14. Center Mass-X: the X-coordinate position of the centroid of the object based 
on intensity measurements. 
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15. Center Mass-Y: the Y coordinate position of the centroid pixel based on 
intensity measurements. 
16. Feret (max): the longest caliper (feret) length. 
17. Feret (mean): the shortest caliper (feret) length. 
18. Feret (min): the average caliper (feret) length. 
3.4.4 Visual Programming Tools for Enormous Amount of Images 
3.4.4.1 Introduction 
 
Quite often one may find that he needs to apply a process to many files 
automatically. And more often, one may find that he needs to automate routine 
procedures or tailor its interface to his specific needs. Sometimes, one may want to 
automate a series of steps that are performed frequently, or perform certain steps only 
under particular circumstances. One might also want to call internal functions from a 
program of your own creation. These levels of customization can be achieved with almost 
all kinds of image software. Usually they let one translate a sequence of actions into a set 
of written instructions that can be recalled whenever they are needed. The Auto-
performing facility also lets users add variable definition and flow control statements 
(e.g., looping and branching) to these instructions, so that they can specify when and how 
often the actions are performed. In this study, this tool is very important, since the 
processing repeat the same procedure and there are the amount of images to be processed 
is huge (2500) to be done by hand. The real color images are converted into binary ones, 
and then processed for measurable images. The last step is to measure the interested 
indices. 
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3.4.4.2 Overview of Common Programming Tools 
Many image software tools provide a guy called scripting facility, which is made 
up of two basic components: 
1. The Function Set  They are used to perform commands provided by the tool. 
These functions are written to a script file when a set of codes are input or recorded, and 
are “called”when the macro is played back. Such functions can also be called from your 
own Visual BasicTM, Visual C++ TM programs, allowing you to add the image-processing 
power of your own design. 
2. Advanced Programming Languages (most frequently, Visual BasicTM and 
Visual C++ TM)  These languages are those in which image processing functions are 
written and interpreted. When an image processing action is recorded, it is written as an 
executive command to perform an appropriate image processing function. Often the set 
of codes themselves are defined as sub-routines. Just as many programming languages, 
image processing languages usually also provide many commands that can be used to add 
variable definition, flow control and string manipulation to your codes. 
These commands are a subset of the BASIC or C++ language, and conform to Visual 
Basic syntax or C syntax. There are two ways to create an Auto-Pro program, 
1). Record a macro and, if needed, edit the script file to incorporate the control 
     structures you want; or, 
2). Type the commands directly into a script file. 
By far the easiest way to create a specific program is to record a macro. 
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3.5 Conclusion 
Computer science has provided a relatively mature way to process images, which 
in turn guarantees the accuracy of measured indices of particles. But there are still many 
things left for perfect implementation of the image technology in aggregate evaluation. 
In this chapter a comprehensive review of the application of the image technology in 
processing of aggregates has been introduced. They are reinstated as follows: 
 
(1) Fundamental Theory of Image Digitalization 
(2) Digital Image Acquisition 
(3) Digital Image Processing 
 
From the 18 indices, we can find that we can directly use the measured angularities for 
both the fine aggregates and the coarse aggregates; we can check the flat and elongated 
criteria with the measured Width and Length. With the Macros, we can even use the X-
ray images to reconstruct the 3-D figure of an aggregate particle, with which we can 
further carry out the calculation of Surface Area, Volume and any other indices related to 
the shape, roughness and texture. As an important section of this study, the macrocodes 
based on Microsoft Visual Basic are introduced. Actually this item cost a lot time to be 
finished.  
From previous chapters and what have been presented in this chapter, we can see that 
image based aggregate evaluation is of great significance to the pavement industrial, and 
the technology of image acquisition, image processing and data analysis capability is an 
integral constitution, also the first step of this method. Although the effort is just in its 
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early stage, we can definitely foresee that in some years it will definitely prevail in this 
field. 
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CHAPTER 4.  DATA ANALYSIS 
 
4.1 Introduction 
 
In this chapter, a series of conventional tests and theoretical analysis is carried out 
to verify the validity and feasibility of the image based method. The measurement of 
Internal Friction Angle, the direct measurement of angularity and the test of 
Uncompacted Void Contents are measured and correlated.  
4.2 Statistical Background— Fundamentals of Normal Distribution 
 
Undoubtedly the most important probability distribution used to describe a 
random variable is the normal probability distribution. The normal probability 
distribution has been applied in a wide variety of practical applications in which the 
random variables involve scientific measurements, such as areas of randomly selected 
individual projection of particles, moduli of subgrade soil samples, elasticity moduli of 
constructing materials and so on. In order to use this probability distribution, the random 
variable should usually be continuous. However, as we shall see, a continuous normal 
random variable can also be used as an approximation in situations involving discrete 
random variables. In this thesis, the normal probability distribution is applied to study the 
measured indices of particles. Before that the fundamentals of normal probability 
distribution is introduced first. 
 
4.2.1 The Normal Curve 
 
The form, or shape, of the normal probability distribution is illustrated by the bell-
shaped curve shown in Figure 7. The probability density function that defines the bell-
shaped curve of the normal probability distribution is as follows. 
Normal Probability Density Function 
 26
 
22 2/)(
2
1)( σµ
σπ
−−
=
xexf (1) 
 
Where, µ = Mean,    
           σ = Standard Deviation,  
            x = a random variable, 
            π = 3.141592,  
            e = 2.71828. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Curve of a Typical Normal Probability Distribution 
 
 
 
4.2.2 The Standard Normal Probability Distribution 
When a random variable conforming to a normal distribution has a mean of 0 and 
a standard deviation of 1, it is said to have a standard normal probability distribution. We 
often use letter Z to designate this particular normal random variable. Just as indicated 
before, This particular distribution is also a normal probability distribution; hence it has 
the same general appearance as other normal distributions but with the special properties 
of µ = 1 and σ= 0.  
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For probability calculations with a normal probability distribution, they are 
usually made by computing areas under the graph of the probability density function. 
Therefore, to find the probability that a normal random variable lies within any specific 
interval, we need to compute the area under the normal curve over that interval. 
Tables that can be used in computing probabilities for the standard normal probability 
distribution have been made for convenient use. They usually give probabilities which 
equal to areas under the normal curve in 2-tails.   
4.2.3 Computing Probabilities for Any Normal Probability Distribution 
 
In application, usually we have a normal distribution with any mean µ and any 
standard deviation σ. The reason that we have been discussing the standard normal 
distribution so extensively is that probabilities for all normal distributions, probabilities 
can be computed via using the standard normal distribution. That is, we answer 
probability questions about the distribution by first converting it to the standard normal 
distribution. Then we can use Z-Table and the appropriate z values to find the desired 
probabilities. The formula used to convert any normal random variable x with mean µand 
standard deviation σ to the standard normal distribution is as follows: 
 
σ
µ−
=
XZ (2)  
 
 
 
Scientific experiments often involve finding relationship between two or more 
variables. For example, after considering the relationship between angularity and 
aggregate type, or sometimes, the relationship between angularity and sieve size, a linear 
relationship might be often expected. Sometimes, intuition will be relied on to judge how 
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two variables are related, but a more objective approach is to collect data on the two 
variables and then use statistical procedures to determine how the variables are related. 
Regression analysis is a statistical procedure that can be used to develop a 
mathematical equation showing how variables are related. In regression terminology the 
variable that is being predicted by the mathematical equation is called the dependent 
variable. The variable or variables being used to predict the value of the dependent 
variable are called the independent variables. In the case of this study, i.e. analyzing the 
effect of sieve size on angularity, sieve size would be the independent variable used to 
predict the angularity.  
In this chapter we consider the simplest type of regression: situations involving 
one independent and one dependent variable for which the relationship between the 
variables is approximated by a straight line. This is called simple linear regression. 
Regression analysis involving two or more independent variables is called multiple 
regression analysis, which is beyond this study. 
Another topic we are using for the analysis of particle size and angularity is 
correlation. In correlation analysis we are not concerned with identifying a mathematical 
equation relating an independent and dependent variable; we are concerned only with 
determining the extent to which the variables are linearly related. Correlation analysis is a 
procedure for making this determination and, if such a relationship exists, for providing a 
measure of the relative strength of the relationship. 
Regression and correlation analyses can indicate only how or to what extent 
variables are associated with each other. Any conclusions about a cause-and-effect 
relationship must be based on the judgment of the analyst. 
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4.3 Correlation of Particle Dimension with Sieve Size 
 
In this chapter, to strengthen the feasibility of the research, 3 simple correlations 
were performed. They are,  
1, Correlation of Particle Profile Size (length) with Sieve Size; 
2, Correlation of Particle Profile Size (Width) with Sieve Size; 
3, Correlation of Particle Profile Area with Sieve Size. 
For all the figures in this unit, The Particle Size value is the angularity mean of 50 
particles retained on square opening sieves with sizes in a sequence of No. 8, No. 16, No. 
30, No. 50 and No. 100., And the statistical result is presented in Appendix I.  
4.3.1 Correlation of Size (length) with Sieve Size 
Size (length), as defined in Chapter 3, is the feret diameter (caliper length) along a 
major axis of the object, and Size (width) of particles, the feret diameter (caliper length) 
along a minor axis of the object. In this study, correlation manifests that length increase 
with the increment of sieve size, and R2 is pretty high.  
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 Figure 6. Correlation of Particle Size (Length) with Sieve Size for LS-67
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 Linear Regression of Particle Size (Length)
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 Linear Regression of Particle Size (Length)
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Figure 7. Correlation of Particle Size (Length) with Sieve Size for LS-78 
 
 
 
 
 
 
 
 
 
 
 
              
 
 
 
 
 
 
 
 
 
 
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Correlation of Particle Size (Length) with Sieve Size for SS-67 
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  Linear Regression of Particle Size (Length)
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 Linear Regression of Particle Size (Length)
Aggregate Type: VSI-Double-Pass
y = 1.2518x + 0.3498
R2 = 0.9743
0
1
2
3
4
5
6
7
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Sieve Size (mm)
Pa
rt
ic
le
 S
iz
e 
(m
m
)
Figure 9. Correlation of Particle Size (Length) with Sieve Size for SS-78 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Correlation of Particle Size(Length)  with Sieve Size for
VSI-Double-Pass 
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 Linear Regression of Particle Size (Length)
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 Linear Regression of Particle Size (Length)
Aggregate Type: VSI-Single-Pass
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Figure 11. Correlation of Particle Size (Length) with Sieve Size for 
Uncrushed-4-Gravel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Correlation of Particle Size (Length) with Sieve Size for 
VSI-Single-Pass 
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  Linear Regression of Particle Size (Length)
Aggregate Type: Natural
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 Linear Regression of Particle Size (Length)
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Figure 13. Correlation of Particle Size with (Length) Sieve
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 14. Correlation of Particle Size (Length) with Sieve Size for 
Crushed-4-Gravel 
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4.3.2 Correlation of Size (Width) with Sieve Size 
Size (width) of particles, the feret diameter (caliper length) along a minor axis of the 
object was also determined by the sieve size. Below are the correlation figures of the 
Size (width) with angularity.  
Here I need to point out that for all the figures in this unit, morphological indices are 
measured for the aggregate retained in square opening sieves with sizes in an order of 
No. 8, No. 16, No. 30, No. 50 and No. 100. 
Size (width) of particles retained on the sieve of a certain size, i.e. the feret diameter 
(caliper length) along a minor axis of the object, is found to be closely related with sieve 
size in this correlation and it is a linear relationship with sieve size.   
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 Figure 15. Correlation of Particle Size (width) with 
Sieve Size for LS-67  
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 Linear Regression of Particle Size (Width)
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Figure 16. Correlation of Particle Size (width) with Sieve Size for LS-78
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 17. Correlation of Particle Size (width) with Sieve Size for SS-
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 Linear Regression of Particle Size (Width)
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Figure 18. Correlation of Particle Size (width) with Sieve Size for
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 19. Correlation of Particle Size (width) with Sieve Size for 
VSI-Single Pass  
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  Linear Regression of Particle Size (Width)
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Figure 20. Correlation of Particle Size (width) with Sieve Size for
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 21. Correlation of Particle Size (width) with Sieve Size for 
Uncrushed-4-Gravel 
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Figure 22. Correlation of Particle Size (width) with Sieve Size for 
Crushed-4-Gravel
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Correlation of Particle Size (width) with Sieve Size for 
VSI-Double-Pass 
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4.3.3 Correlation of Area with Sieve Size 
Area is defined as the area of each object (minus any holes). The area comprised of pixels 
having intensity values within the selected range is reported unless the Fill Holes option 
has been enabled. If Fill Holes is enabled, all pixels within the object perimeter are 
included in the area measurement. 
What needs to be reinstated is that for all the figures in this unit, morphological indices 
are measured for the aggregate retained in square opening sieves with sizes in an order of 
No. 8, No. 16, No. 30, No. 50 and No. 100. 
For area, it is found that a second order polynomial correlation of the sieve size with area 
is better than a linear correlation, which is due to the error of measurement since area is a 
second order polynomial function of that of Size (Length) or Size (Width). This finding 
in error strengthens that data from this study is reliable. 
 
 
Polynominal Regression of Particle Size (Area)
Aggregate Type: LS-67
y = 0.0769x2 + 4.3378x - 1.9301
R2 = 0.9932
-10
0
10
20
30
0 2 4 6
Sieve Size (mm) 
Pa
rt
ic
le
 S
iz
e 
A
re
a 
(m
m
*m
m
)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 24. Correlation of Particle Area with Sieve Area for LS-67 
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 Polynominal Regression of Particle Size (Area)
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Polynominal Regression of Particle Size (Width)
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Figure 25. Correlation of Particle Area with Sieve Area for 
LS-67 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. Correlation of Particle Area with Sieve Area for SS-67 
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 Polynominal Regression of Particle Size (Area)
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Figure 27. Correlation of Particle Area with Sieve 
Area for LS-78 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 28. Correlation of Particle Area with Sieve Area for Natural 
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 Polynominal Regression of Particle Size 
(Width)
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Polynominal Regression of Particle Size (Area)
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Figure 29. Correlation of Particle Area with Sieve Area for 
VSI-Single-Pass 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30. Correlation of Particle Area with Sieve Area for 
VSI-Double-Pass 
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 Polynominal Regression of Particle Size (Width)
Aggregate Type: Uncrushed-4-Gravel
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Figure 31. Correlation of Particle Area with Sieve Area for 
Uncrushed-4-Gravel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 32. Correlation of Particle Area with Sieve Area for 
Crushed-4-Gravel 
 44
4.3.4 Conclusion 
From the correlation of the particle size with sieve size, we may safely draw the 
following conclusions, 
1. Length and width conform to linear relationship with sieve size, while for area, 
the second order polynomial correlation is more reasonable, which can be 
explained as error of measurement of area is a second order polynomial function 
of that of Size (Length) or Size (Width). Difference in error strengthens that data 
from this study is reliable. 
2. Size (width) of particles retained on the sieve of a certain size, i.e. the feret 
diameter (caliper length) along a minor axis of the object, is known to be closely 
related with sieve size.  In this study, correlation also tells that length increases 
along with the increasing of sieve size, but the particle size is determined 
by a∗2 , where, a is the side length of the square sieve opening. Also R2 is 
found to be pretty high, which means that when the number of samples is large, 
both length and width follow the same principle in relationship with sieve size. 
Area is supposed to has more error than size, and the graphs really demonstrate 
this as the relation between sieve size and area is not linear. So we can conclude 
that there exists more error measurement of area than that of size.  
3. Since using of the area has more error than using of width or length, we can say 
that width is more accurate than area in image based aggregate evaluation of size 
or dimensions. 
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4.4 Analysis for Angularity   
 
4.4.1 Definition of Angularity and Its Significance 
  
This following formula is defined as angularity of a particle. 
 
 
 
 
Figure 34 Convex Perimeter of a Particle 
 
 
 
 
 
 
 
 
 
 
 
Figure 33  Equivalent Ellipse of a Particle 
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Where, Perimeterconvex is the convex perimeter and Perimeterellipse is the perimeter of an 
equivalent ellipse that has the same area and aspect ratio as the aggregate particle. The 
convex perimeter, Perimeterconvex is the perimeter of the bounding polygon, which is 
considered to be the best approximation of feature boundary but with no surface texture. 
The perimeter of an equivalent ellipse, instead of the perimeter of an equivalent circle, is 
used since the aspect ratio has been taken in to account for an ellipse and so it is adopted 
as a better one for particle outline. This image index, Angularity, is believed to exclude 
the effect of aspect ratio and surface texture and is considered to be a vivid parameter for 
the second order of shape, roundness. The term angularity is used since it is an 
engineering term and its meaning is easier to convey than roundness. The angularity for 
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either a circle or an ellipse will be 1. For angular particles, their angularity will be larger 
than 1. Therefore, larger values of angularity indicate a higher degree of angularity. 
4.4.2 Case of Aggregate of the Same Type but Different Sieve Sizes 
 
4.4.2.1 Central Tendency Analysis for Means of Each Particle Size  
With the knowledge of transforming a typical normal distribution to an standard 
normal distribution, a one-tail two sample t-test is carried out for the 9 sets of data with 
the null hypothesis, H0: Mean1- Means2 = 0, and the significance level is selected as α = 
0.05.  
With the following equation:  
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We found that all t s fall in the Acceptance Region, which means that we can not reject 
the fact that, for the same kind of aggregate of the same produce method, different 
particle sizes have almost the same means value. Before the T-test, an F-test with both 
degrees of freedom equal to 50 –1 = 49 was carried out for dispersion analysis for 
standard deviation on all the particle sizes, each of the 9 sets of aggregate. Below is the 
SAS analysis codes and one of the 36 sets of output. 
0
SAS Code for T_test and F_test for determination of angularity equality 
 
dm'log;clear;output;clear';
title1"T_test and F_test for determination of angularity
equality between LS_67_2 and LS_67_3";
options nodate pageno=1;
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data AnaOfAangularity;
infile cards missover;
input Designation$ angularity;
cards;
LS_67_3 1.065818801
LS_67_3 1.05610962
LS_67_3 1.027926133
LS_67_3 1.042313232
LS_67_3 1.087323097
LS_67_3 1.093406928
LS_67_3 1.119047609
LS_67_3 1.135143937
LS_67_3 1.063137449
LS_67_3 1.031629593
LS_67_3 1.066177782
LS_67_3 1.061123645
LS_67_3 1.053291502
LS_67_3 1.11278318
LS_67_3 1.075935304
LS_67_3 1.171914176
LS_67_3 1.034520243
LS_67_3 1.065322218
LS_67_3 1.024114543
LS_67_3 1.057539582
LS_67_3 1.112902422
LS_67_3 1.075848804
LS_67_3 1.103870131
LS_67_3 1.111903202
LS_67_3 1.115066091
LS_67_3 1.101449148
LS_67_3 1.055137765
LS_67_3 1.045984232
LS_67_3 1.037660325
LS_67_3 1.061803595
LS_67_3 1.077630412
LS_67_3 1.107601226
LS_67_3 1.193597444
LS_67_3 0.993147868
LS_67_3 1.06226711
LS_67_3 1.059257387
LS_67_3 1.137669911
LS_67_3 1.039114067
LS_67_3 1.112960586
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LS_67_3 1.122783154
LS_67_3 1.056578765
LS_67_3 1.031445025
LS_67_3 1.12890449
LS_67_3 1.05498871
LS_67_3 1.045048159
LS_67_3 1.079426717
LS_67_3 1.074867243
LS_67_3 1.116814253
LS_67_3 1.139421461
LS_67_3 1.128562695
LS_67_2 1.018333905
LS_67_2 1.033084757
LS_67_2 1.151570674
LS_67_2 1.097804216
LS_67_2 1.110646409
LS_67_2 1.00867998
LS_67_2 1.078738425
LS_67_2 1.128951617
LS_67_2 1.023975712
LS_67_2 1.067887288
LS_67_2 1.111627647
LS_67_2 1.166662425
LS_67_2 1.060318599
LS_67_2 1.065761601
LS_67_2 1.097580061
LS_67_2 1.01285208
LS_67_2 1.076851719
LS_67_2 1.117558133
LS_67_2 1.001955187
LS_67_2 1.046999968
LS_67_2 1.044146864
LS_67_2 1.057363048
LS_67_2 1.139156842
LS_67_2 1.061441391
LS_67_2 1.214315661
LS_67_2 1.117718976
LS_67_2 1.063911394
LS_67_2 1.088442153
LS_67_2 1.033076879
LS_67_2 1.250794926
LS_67_2 1.048463001
LS_67_2 1.083719636
LS_67_2 1.102714327
LS_67_2 1.116450429
LS_67_2 1.030493744
LS_67_2 1.14907256
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LS_67_2 1.107021421
LS_67_2 1.185892257
LS_67_2 1.093977462
LS_67_2 1.120318531
LS_67_2 1.076170968
LS_67_2 1.10876402
LS_67_2 1.057604403
LS_67_2 1.111654858
LS_67_2 1.108166638
LS_67_2 1.062826099
LS_67_2 1.128606768
LS_67_2 1.136453417
LS_67_2 1.15142303
LS_67_2 1.029292118;
proc ttest data=AnaOfAangularity;
class Designation;
var angularity;
run;
SAS output of T_test and F_test for determination of angularity equality between 
LS_67_2 and LS_67_3 
 
 
                                 The TTEST Procedure 
 
                                      Statistics 
 
                               Lower CL          Upper CL  Lower CL           Upper CL 
Variable    Class           N      Mean    Mean      Mean   Std Dev  Std Dev   Std Dev 
 
angularity  LS_67_2        50    1.0761  1.0911    1.1062    0.0441   0.0528    0.0658 
 
angularity  LS_67_3        50     1.069  1.0806    1.0922    0.0341   0.0408    0.0508 
 
angularity  Diff (1-2)           -0.008  0.0106    0.0293    0.0414   0.0472    0.0549 
 
                                     Statistics 
 
                Variable    Class       Std Err    Minimum    Maximum 
 
                angularity  LS_67_2      0.0075      1.002     1.2508 
 
                angularity  LS_67_3      0.0058     0.9931     1.1936 
 
                angularity  Diff (1-2)   0.0094 
 
 
                                       T-Tests 
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       Variable      Method           Variances      DF    t Value    Pr > |t| 
 
       angularity    Pooled           Equal          98       1.12      0.2652 
 
       angularity    Satterthwaite    Unequal      92.1       1.12      0.2653 
 
 
                                Equality of Variances 
 
           Variable      Method      Num DF    Den DF    F Value    Pr > F 
 
           angularity    Folded F        49        49       1.68    0.0736 
 
 
 
Analysis and Conclusion 
From the output of the statistical analysis by SAS, we can see that the F value 1.68 falls 
between the critical limits when the d.f. is 49, 49, which means that we use the case of 
“Equal”, i.e. the “pooled” case, for the test of equality of the means. From the output of 
T-test, we can see that  the probability of the calculated T value 1.12 is 0.2652. One thing 
that should be pointed out is that , for two-sample test, SAS can perform two tail test. So 
we need to double the probability of the calculated T value 1.12. So 0. 2652*2 equals 
0.5306, which is much lager than the significance level 0.05. Therefore, we can safely 
draw the conclusion that, for the angularity, we can not reject the hypothesis that the 
mean1 = measn2, i.e. we will say that there does not exist a significant difference between 
two adjacent particle sizes and we can use either one , or even mixture of them to test the 
effect of angularity on uncompacted void contents.    
 
4.4.2.2 Regression Analysis of the Distribution of Angularity  
To be more rigorous, a set of Regression Analysis is performed to see whether it 
is right or not about what have been concluded from the analysis of both Dispersion and 
Central Tendency. Below are the graphs obtained from the regression analysis. 
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 Regression of Angularity and Sieve Size for LS-78
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Figure 35. Regression of Angularity and Sieve Size for LS-67 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 36. Regression of Angularity and Sieve Size for LS-78 
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 Figure 37. Regression of Angularity and Sieve Size for SS-67 
Regression of Angularity and Sieve Size for SS-67
y = 0.0001x + 1.0767
R2 = 0.00061.06
1.065
1.07
1.075
1.08
1.085
1.09
1.095
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Sieve Size(mm)
A
ng
ul
ar
ity
Regression of
Angularity and Sieve
Size
Linear (Regression of
Angularity and Sieve
Size)
Regression of Angularity and Sieve Size for SS-78
y = -0.0093x + 1.1075
R2 = 0.65781.06
1.065
1.07
1.075
1.08
1.085
1.09
1.095
1.1
1.105
1.11
1.115
1.12
1.125
0 0.
5
1 1.
5
2 2.
5
3 3.
5
4 4.
5
5
Sieve Size(mm)
A
ng
ul
ar
ity
Regression of
Angularity and Sieve
Size
Linear (Regression of
Angularity and Sieve
Size)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38. Regression of Angularity and Sieve Size for SS-78 
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Regression of Angularity and Sieve Size for Natural
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Figure 39. Regression of Angularity and Sieve Size for Natural 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40. Regression of Angularity and Sieve Size for VSI-Single-Pass 
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 Regression of Angularity and Sieve Size for 
Uncrushed-4-gravel  
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Figure 41. Regression of Angularity and Sieve Size for VSI-Double-Pass  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42. Regression of Angularity and Sieve Size for Uncrushed-4-gravel 
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Regression of Angularity and Sieve Size for 
Crushed-4-gravel  
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Figure 43. Regression of Angularity and Sieve Size for Crushed-4-gravel  
 
From the Regression Analysis performed above we can apparently see that, not 
only slopes of the regression lines change in a fairly large range, but R2 is also away from 
1 which means that the relationship between the dependent variable and independent 
variable (sieve size and angularity) is not good enough to get a linear equation. 
4.4.2.3 Conclusion 
From the three statistically analysis, we can  draw a conclusion as follows, for the 
same kind of aggregate of the same production method, angularity is not related to 
particle, which means that: 
1. For angularity, a random selection of size from a certain type of aggregate 
mixture can represent that aggregate type. 
2. To be more significant, this important characteristic of aggregate can be made 
use of in the following discussion of this study, for the correlation of the angularity with 
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data from uncompacted Voids Content test, either method A or method B can be adopted 
to find relationship between measured angularity and the performance specification. 
4.4.3 Case of Aggregate of Different Type but Same Sieve Sizes  
 
4.4.3.1 Central Tendency Analysis for Means of Each Particle Type  
 
First of all, for Central Tendency Analysis, from the Table 1 below, we can get 
that the average angularity of crushed particles is apparently larger than that of natural; 
similarly, From Table 2, we can see that the average angularity of double crushed stone is 
almost the same as that of single crushed, although it is a little larger. From this result, we 
can see that the crushing method Double Crushing does not obviously improve angularity 
of particles than the method of Single Crushing. 
Table 1. Average Angularity of Crushed Particles Vs That of Natural 
 
 
Crushed-4-gravel-8+16 1.09334 Natural-8+16 1.05453 
Crushed-4-gravel-16+30 1.08762 Natural-16+30 1.05043 
Crushed-4-gravel-30+50 1.070338 Natural-30+50 1.05673 
Crushed-4-gravel-50+100 1.058719 Natural-50+100 1.06702 
Average Mean 1.07750 Average Mean 1.05718 
 
 
Table 2. Average Angularity of Double Crushed Particles Vs That of Single Crushed  
              Ones 
 
VSI-Single-Pass-a-8 
 
1.066472 
 
VSI-Double-Pass-a-8 
 
1.078289 
 
VSI-Single-Pass-8+16 
 
1.090748 
 
VSI-Double-Pass-8+1 
 
1.085385 
 
VSI-Single-Pass-16+30 
 
1.081982 
 
VSI-Double-Pass-16+30 
 
1.091424 
 
VSI-Single-Pass-30+50 
 
1.092068 
 
VSI-Double-Pass-30+50 
 
1.09283 
 
VSI-Single-Pass-50+100 
 
1.089518 
 
VSI-Double-Pass-50+100 
 
1.080247 
 
Average Mean 
 
1.084158 
 
Average Mean 
 
1.085635 
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4.4.3.2 Dispersion Analysis of Standard Deviation for Each Particle Type 
Dispersion Analysis of Standard Deviation for Each Particle Type tells us that 
aggregate types that have higher means values usually have larger dispersion, For 
example, Standard Deviation of crushed aggregate is larger than that of the aggregate 
with the designation “Natural” and Standard Deviation of double crushed aggregate is 
larger than that of single crushed ones. This phenomenon can be attributed to the effect of 
weathering on particles to smoothen angularity of them, so naturally processed aggregate 
for example the “Natural” in this case, or half-naturally processed aggregate, the crushed 
aggregate in the study are “rounder” than crushed aggregate such as VSI-Single-Pass and 
VSI-Double-Pass in our study. 
4.5 Correlation of Angularity with Data from Friction Angle 
  
4.5.1 Concept of Angle of Repose  
 
The angle of repose, or the angle of internal friction of the material is defined as 
the maximum slope on which a block can sit without sliding and is equal to arctan of the 
coefficient of static friction. It is a characteristic of solids, which characterizes the piling 
or stacking nature of the particles.  
Figure 44. Illustration of Piled granular Materials 
Internal Friction Angle θ 
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When sand is poured into a pile, there is a specific angle of a constant value that 
cannot be exceeded. The maximum angle that the sand can make with the ground is what 
we called the angle of repose. 
Usually it appears to be pretty straight-forward to calculate the angle of repose for 
something, but unfortunately, as the way that particles stack when poured into a pile is a 
function of the shape, size, intrinsic density, surface forces (stickiness, electrostatic), and 
roughness of the particles and often, there are many other factors that can influence the 
way particles stack, hence, it is difficult to predict. Normally the angle of repose is 
determined by directly measurement. For example, one of the things that influence the 
angle of repose is the shape of the object. If the grains of sand were perfectly round, they 
would slide against each other easily and the angle of repose would be pretty small. But 
sand isn't always perfectly round. It tends to be extremely irregular, and sand from 
different places will have different shapes. It's difficult to model how these shapes will 
interact when piled freely on top of each other. There are probably other things that 
influence the angle of repose. Plenty of research has been done by physicists for which 
they had spent their life by studying just this sort of thing. 
Another phenomenon is that the larger the objects are, the steeper the angle of 
repose will be. For example, piled gravel will have a much steeper angle of repose than 
piled sand.  
The last factor that makes a big difference in the angle of repose is how wet the 
sand (or other material) is. That's why sand scriptures on beaches are always made with 
wet sand. Currently a lot of research is being carried out towards understanding the 
principle of what happens to the physical properties of a granular material when water is  
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added. What we measure in this study is the Dry Friction - a friction force between 
objects in the absence of any fluid or lubricant. This will be subject of this section. 
 
Figure 45. The Device for the Measurement of Angle of Repose  
θ
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4.5.2 Device and Test Results 
In this study, a simple device was developed to measure the dry angle of friction. 
This device was actually based on the apparatus for Uncompacted Voids Content as 
shown in the picture above. 
And the test result is presented in the following graph and table, from which we 
can see that there exists a good linear relationship between the internal friction angle and 
image-analysis angularity we measured. 
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Table 3. Results of Measured Angle of Repose 
Designation Angularity 
Height 
(cm) 
Radius 
(cm) Tan 
Angle 
(red) 
Angel 
(deg) 
Ottawa 1.0388 8.7 14.34375 0.606536 0.545211 31.23832
LS-67's-30+50 1.093456 9.3 13.3314 0.697601 0.609114 34.89967
LS-78's-30+50 1.105521 10.5 13.5558 0.774576 0.659045 37.76051
SS-67's-30+50 1.092509 10.1 13.48695 0.748872 0.642779 36.82851
Crushed-4-gravel-30+50 1.070338 9.7 14.70075 0.65983 0.583255 33.41804 
VSI-Single-Pass-30+50 1.092068 11.8 15.73095 0.750114 0.643574 36.87406 
VSI-Double-Pass-30+50 1.09283 11.3 15.61365 0.723726 0.626472 35.89423 
 
4.6. Correlation of Uncompacted Void Contents with angularity 
 
4.6.1 Uncompacted Void Contents  
 
4.6.1.1 Determination of Bulk Dry Specific Gravity at 23°C (73.4°F) 
Bulk specific gravity is the characteristic generally used for calculation of the 
volume occupied by the aggregate in various mixtures containing aggregate such as 
Portland cement concrete and bituminous concrete. There are totally two types of bulk 
specific gravity, in this study. Bulk specific gravity determined on the oven-dry basis is 
used for computations when the aggregate is dry or assumed to be dry. Test Procedure of 
the determination of Specific Gravity is reviewed briefly as follows.  
Obtain approximately 1 kg of the fine aggregate from the sample, and dry it in a 
suitable pan to constant mass at a temperature of 110± 5°C (230 ± 9°F). Allow it to cool 
to comfortable handling temperature. Immerse the fine aggregate in water for 15 to 19 
hours. Then decant excess water without any loss of fines. Spread the sample on a flat 
nonabsorbent surface exposed to a gently moving current of warm air, and stir frequently 
to secure homogeneous drying to achieve the saturated surface-dry condition.  
In this research the conventional Cone Test for Surface Moisture is used to 
determine the state of saturated surface-dry condition. When the fine aggregate slumps 
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slightly after the mold is lifted, it indicates that it has reached a surface-dry condition. 
And then partially fill the pycnometer with water and Immediately introduce into the 
pycnometer 500 ± 10 g of saturated surface-dry fine aggregate prepared as described 
previously, and fill with additional water to approximately 90 percent of capacity. 
Manually agitate the pycnometer to eliminate all air bubbles at the temperature of 23.0 
±1.7°C (73.4 ± 3°F), and bring the water level in the pycnometer to its calibrated 
capacity. Determine the total mass of the pycnometer, specimen and water as C. 
For the next step, remove the fine aggregate from the pycnometer, dry to constant 
mass at a temperature of 110 ±5°C (230 ±9°F), cool in air at room temperature for 1.0 
±0.5 hours and determine the mass as A. 
Measure the mass of pycnometer filled with water as B. 
Measure the mass of saturated surface-dry specimen as S. 
Then calculate the bulk specific gravity according to its definition at 23°C 
(73.4°F).  
Bulk Specific Gravity
CSB
A
−+
=  (5) 
Where, 
A = mass of oven-dry specimen in air, g; 
B = mass of pycnometer filled with water, g; 
C = mass of pycnometer with specimen and water to calibration mark, g; and 
S = mass of saturated surface-dry specimen, g. 
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4.6.1.2 Test of Uncompacted Voids Content (AASHTO T 304-96) 
When measured on any aggregate of a known grading, the loose uncompacted 
void contents of a sample of fine aggregate provides an indication of that aggregate's 
angularity, sphericity, and surface texture compared with other fine aggregate tested in 
the same grading. When void content is measured on an as-received fine aggregate 
grading, it can be an indicator of the effect of the fine aggregate on the workability of a 
mixture in which it may be used. 
In AASHTO T 304-96, totally three procedures are included for the measurement of void 
content. 
Method A -- Standard Graded Sample. This method uses a standard fine 
aggregate grading that is obtained by combining individual sieve fractions from a typical 
fine aggregate sieve analysis.  
Method B -- Individual Sieve Fractions. This method uses each of three fine 
aggregate size fractions: (a) 2.36-mm (No. 8) to 1.18-mm (No.16), (b) 1.18-mm (No. 16) 
to 600-µm (No.30), and (c) 600-µm (No. 30) to 300µm (No. 50). For this method, each 
size is tested separately. 
Method C--As-Received Grading. This method uses that portion of the fine 
aggregate finer than a 4.75-mm (No. 4) sieve. As we all know that the effect of the fine 
aggregate on stability and voids in the mineral aggregate, or the stability of the fine 
aggregate portion of a base course aggregate can be indicated from the value of 
Uncompacted Void Contents. In this study, since we have verified that the size of 
particles will not affect the angularity of a certain type of aggregate, we will just run 
Method A, i.e., the Standard Graded Sample to find the relationship between Angularity 
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and Uncompacted Void Contents. Method A provides percent void content determined 
under standardized conditions, which depends on the particle shape and texture of a kind 
of fine aggregate. An increase in void content by these procedures indicates greater 
angularity, less sphericity, or rougher surface texture, or some combination or the three 
factors. In turn, a decrease in void contents is associated with more rounded, spherical, 
smooth surfaced fine aggregate, or a combination of these factors. 
Procedure of Method A is also briefly reviewed as below.  
  A 100 mL calibrated cylindrical measure is filled with fine aggregate of 
prescribed grading by allowing the sample to flow through a funnel from a fixed height 
into the measure. The fine aggregate is struck off, and its mass is determined by 
weighing. And then the Uncompacted Void Contents is calculated as the difference 
between the volume of the cylindrical measure and the absolute volume of the fine 
aggregate collected in the measure. Uncompacted void content is calculated using the 
bulk dry specific gravity of the fine aggregate, which was introduced previously. 
For Method A the percent void content is determined directly, and the average 
value from two runs is reported. The standard graded sample (Method A) is most useful 
as a quick test, which indicates the particle shape properties of a graded fine aggregate. 
Typically, the material used to make up the standard graded sample can be obtained from 
the remaining size fractions after performing a single sieve analysis of the fine aggregate. 
Calculate the volume of the measure as follows:  
 
D
MV ∗= 1000 (6) 
 
Where: 
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V = volume of cylinder, mL 
M = net mass of water, g 
D = density of water, Kg/m3 
Determine the volume to the nearest 0.1 mL. 
The sample of Method A (Standard Graded Sample) is mixed by weight as that in 
the Following table: 
Table 4. Individual Size Fraction of Method A 
Individual Size Fraction Mass, g 
2.36 mm (No. 8) to 1.18 mm (No. 16) 44 
1.18 mm (No.16) to 600 µm (No. 30) 57 
600 µm (No.30) to 300 µm (No. 50) 72 
300 µm (No.50) to 150 µm (No. 100) 17 
Total mass 190 
 
The tolerance on each of these amounts is ± 0.2 g. 
Finally, calculate the uncompacted voids as follows: 
 
V
G
FV
U
−
×=100 (7)  
Where, 
V = volume of cylindrical measure, mL 
F = net mass, g of fine aggregate in measure (gross mass minus the mass of the empty 
measure). 
G = bulk dry specific gravity of fine aggregate. 
U = uncompacted voids, percent in the material. 
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For the Standard Graded Sample (Method A), calculate the average uncompacted voids 
for two determinations and report the result as U. Figure 49 presents the correlation of 
angularity and uncompacted voids. 
Table 5. Result of Uncompacted Void Contents  
 
          
Crushed-
Gravel-4  
SST-67 
 
11's LS-1 
LS-67 
VSI-
Single 
VSI-
Double 
11's LS-2
LS-78 
A 483.4 481 494 487.7 487.9 493.2 
B 675.2 675.2 675.2 675.2 675.2 675.2 
C 978.3 981.6 986.5 984.1 983.5 985.8 
S 500 500 500 500 500 500 
SG 2.46 2.48 2.62 2.55 2.55 2.60 
Ag+Meas 339.4 341.9 339.6 335.1 336.3 341.2 
Measure 194 194 194 194 194 194 
Ag 145.4 147.9 145.6 141.1 142.3 147.2 
UV 0.42 0.42 0.46 0.46 0.45 0.45 
Angularity 1.077 1.076 1.086 1.088 1.087 1.086 
 
Where,      A = Mass of oven-dry specimen in air, g; 
B = Mass of pycnometer filled with water, g; 
C = Mass of pycnometer with specimen and water to calibration mark, g; 
S = Mass of saturated surfaced-dry specimen, g; 
SG = Bulk dry Specific Gravity of aggregate; 
Ag = Mass of aggregate in question, g; 
            Ag + Meas = Mass of aggregate plus mass of measure, g; 
Measure = Mass of measure, g; 
UV = Uncompacted void contents 
4.6.2 Analysis of the Correlation of Angularity with Uncompacted Void Contents 
 
To quantify the angularity of fine aggregate, SHRP has adopted the uncompacted void 
content test (ASTM C1252 or AASHTO T 304-96) as the only method for industrial use. 
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In this study, aggregate was obtained from 11 sources to examine the effect of angularity 
on the uncompacted void content of fine aggregate, which guaranteed the geometric 
variety of samples. Table 7 presented the designation and angularity value of the six 
types of aggregate. 
 
Corelation of  Angularity with Uncompacted Void Contents 
y = 329.01x - 312.34
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Figure 47. Correlation of Angularity with Uncompacted Voids Content    
 
Table 6. Designation and Average Measured Angularity of the Aggregate from 11   
              Sources 
 
 
SS-67's-above-8 1.081795 
SS-67's-8+16 1.066022 
SS-67's-16+30 1.074872 
SS-67's-50+100 1.069468 
SS-78's-above-8 1.069909 
SS-78's-8+16 1.069194 
SS-78's-16+30 1.097075 
SS-78's-30+50 1.117412 
SS-78's-50+100 1.098607 
Natural-8+16 1.05453 
Natural-16+30 1.050427 
Natural-30+50 1.056726 
Natural-50+100 1.06702 
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Table 7. Designation and Average Measured Angularity of the Aggregate from 11   
              Sources (cont’d) 
 
 VSI-Single-Pass-16+30 1.081982 
VSI-Single-Pass-30+50 1.092068 
VSI-Single-Pass-50+100 1.089518 
VSI-Double-Pass-a-8 1.078289 
VSI-Double-Pass-8+16 1.085385 
VSI-Double-Pass-16+30 1.091424 
VSI-Double-Pass-30+50 1.09283 
VSI-Double-Pass-50+100 1.080247 
Uncrushed-4-gravel-a-8 1.071273 
Uncrushed-4-gravel -8+16 1.099226 
Uncrushed-4-gravel-16+30 1.098992 
Uncrushed-4-gravel-30+50 1.075815 
Uncrushed-4-gravel-50+100 1.09574 
Crushed-4-gravel-a-8 1.093133 
Crushed-4-gravel-8+16 1.093334 
Crushed-4-gravel-16+30 1.08762 
Crushed-4-gravel-30+50 1.070338 
Crushed-4-gravel-50+100 1.058719 
 
 
 
 
 
 
 
 
 
The aggregates included 2 natural sands (Natural Sand –1 and Natural Sand -2) 
and 9 crushed materials as shown in Table 7. The uncompacted voids content of each 
aggregate was obtained in accordance with AASHTO T 304-96, Method A. This method 
involves testing aggregates in graded sieve sizes, as what has been proved before that 
effect of particle size on results can be omitted. The imaging angularity was then 
obtained using image analysis techniques. 
From the correlation of uncompacted void contents with angularity, we can see 
the effect of angularity on the uncompacted void contents of fine aggregate. Summaries 
for the uncompacted void contents and the imaging index, angularity of fine aggregates 
examined in this study are presented in Figure 49 which presented data for a mixed 
aggregate sizes of 2.36 mm (No. 8) to 1.18 mm (No. 16), 44g; 1.18 mm (No.16) to 600 
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µm (No. 30), 57g; 600 µm (No.30) to 300 µm (No. 50), 72g and 300 µm (No.50) to 150 
µm (No. 100), 17g. The sample size for imaging tests on each aggregate type and size 
was about 50 particles. The average values of angularity are used for the correlation. In 
this study, the image-analysis system feret diameters were measured at every 5° at the 
mass center of a particle, and use polygon to approximate for the bounding circle and 
bounding ellipse. So the angularity presented here is a comprehensive morphological 
index of the particles to reflect their shape. 
Coefficients of determination (R2) for the mixed aggregate according to Method 
A reached 0.977, which is pretty close to 1 and a convincing regression equation is also 
obtained, as shown in Figures 4*. The calculated regression equation was as follows, 
Y = 329.01X- 312.34 
Where, Y = Uncompacted Voids Content;  
            X = Angularity. 
The regressions indicate that predicted uncompacted void contents increases with 
an increase in angularity of particles. 
From Figure 49 we can also see the relative positions of measured uncompacted 
voids versa angularity among the six kinds of mixture. A relatively high position 
indicates high void contents and high angularity. The aggregates presented in Figure 49 
are listed in an increasing order of measured angularity. The Crushed-4-Gravel rests on 
the lowest rank of position in this tier because the gravel, although crushed in a certain 
extent but remains dominated by the property of roundness on their surfaces due to 
weathering and flushing effects of the nature. A little rougher type of aggregate in this 
tier is the SST-67, a sandy stone crushed in some extent. From a naked eye examination, 
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almost no difference can be discerned form SST-67 out of Crushed-4-Gravel, which can 
tell us the reason why angularity value are almost of the same for these two types. As the 
Crushed-4-Gravel is usually considered a little bit softer than the SST-67 and would 
therefore be susceptible to becoming rounded and smooth under mechanical action, its 
measured angularity value is smaller than that of the latter one.  For each aggregate type, 
rankings were relatively consistent by different tests. An aggregate that ranked relatively 
low or high in one of the three different kinds of analysis, i.e. each of the Internal Friction 
Angle and the Uncompacted Voids Content did the same in one of other tests. 
One important aspect of this study should be especially reinstated is the influence 
of he gradation on Uncompacted Voids Content Test; gradation does have a very 
significant effect in the performance of aggregate in mix, many research projects have 
been accomplished on this heated topic in SHRP. No further elaboration will be cast on 
it, as it is not the scope of this research. What I really want to point out is that, since in 
Method A, the mixtures are prepared in constituents both of the same sieve size and the 
same amount, gradation of aggregate will have no negative effect on this study. 
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
The importance of characterizing aggregate properties to pavement engineers has 
been comprehensively recognized because aggregate or aggregates included mixture is an 
integral component for most materials used in pavement, not only for flexible and rigid 
pavement, but also for roads of lower rank, as a main subbase material. Besides the 
mechanical properties, the most important physical characteristic of aggregate particles is 
recognized as their external morphology. In order to quantify the morphology of 
aggregate particles, all specifications rely on indirect measures, such as measurements 
including counting fractured faces for coarse aggregates and running uncompacted voids 
for fine aggregates. 
This thesis presents a method for using image-analysis techniques to quantify 
two-dimensional morphology with an emphasis on the correlation of defined 
morphological indices with performance. This research presented a scheme of finding 
correlation of image based indices with results from each of the following tests, Internal 
Friction Angle and the Uncompacted Void Contents.  
As the basis of this study, fundamentals of image acquisition, processing and 
measurement are introduced; emphasizing the visual programming tool was quite dwelled 
on.  Image acquiring equipment and software are integral component of image 
acquisition and processing.  
Totally 18 defined morphological indices are measured in this study, which built a 
database for later research, however, only a small parts of the indices are analyzed in this 
thesis. 
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Basic knowledge in Experimental Statistics is utilized in this study for analysis 
and most frequently used concepts and formulae are listed in this thesis.  Regression 
analyses showed that the measured Size (Length), Size (width) and Area have good 
correlation with square opening sieve size, which demonstrated validity and feasibility of 
this study. 
Test of Internal Friction Angle was performed to obtain repose angle of 6 kinds of 
aggregate with a large geometric irregularity. Result from also correlates well with the 
measured angularity. A simple device for measuring the repose angle of small sized 
granular materials is proposed. 
The Uncompacted Voids Content of fine aggregate was also carried out to verify 
the validity of the method. Over 6 sets of mixtures of aggregate from different sources 
were measured according to Method A of AASHTO T 304-96. Results of this test 
manifest that aggregates with relatively high uncompacted voids content also have higher 
angularity values. 
From the results of the three correlations, a conclusion might be made that image 
based aggregate evaluation is really a practical way in aggregate evaluation.   
5.2 Recommendations for Future Research 
Although the methodologies adopted in this study proved to be valid and practical 
for industrial utilization, there still exist some shortcomings of the scheme. The following 
three are the most obvious ones and discussions regarding the imperfect aspects are 
focused on them. Recommendations are proposed as well. 
1. Problem of Magnification This is a topic about the Systematic Error, which is 
generated by the image acquiring equipment, especially for small particles. 
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Studies have been carried out for reduction of this kind of error by improving 
techniques in operating devices. The improvement of resolution level of optical 
microscope and digital camera are proposed as well. It is better to use electronic 
microscope for particles passing No. 50 square sieve.  
 
2. Lack of Analysis in Three-Dimensional Domain   It is known that granular 
materials perform alone or with other phases of materials in a three dimensional 
domain. So three-dimensional analysis is better than that in a 2-D domain. The 
technology of X-Ray Tomography is a powerful tool for reconstruction of 3-D 
image on which further computation can be performed. Three-dimensional 
research on the performance of aggregate in its true engineering condition is 
actually being performing in the Image Lab of the Department of Civil and 
Environmental Engineering, Louisiana State University.  
3. Lack of Correlation with Mixture Performance    In this study, only one of the 
conventional tests generally accepted in paving community, i.e., the test of 
Uncompacted Voids Content is done to check the validity, which means that no 
correlation of the image-measured indices are attempted with the performance of 
aggregate in bituminous mixture. One reason resulting in this limitation is only 
the Uncompacted Voids Content is recommended by the SHRP for the angularity 
study of fine aggregate. Some other reasons are due to the lack of materials and 
testing equipments. 
The limitation of this study lies mainly in the respects listed above, among which 
some have been broken and related research have been carried out. Recommendations are 
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suggested for those that cannot be solved at present. They will be kept in file and effort of 
solution- seeking is on the right track. 
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APPENDIX STATISTICS OF IMAGE INDICES 
 
1 Statistics of Size (Width) 
 
  LS-67-1 Size (Width)                                                 LS-67-2 Size (Width) 
 
                       
        
                     
Mean 4.58 
Standard Error 0.112489 
Median 4.591917 
Mode #N/A 
Standard Deviation 0.795416 
Sample Variance 0.632686 
Kurtosis -0.60974 
Skewness -0.32345 
Range 3.302826 
Minimum 2.916992 
Maximum 6.219818 
Sum 229 
Count 50 
Largest(1) 6.219818 
Smallest(1) 2.916992 
Confidence 
Level(95.0%) 0.226055 
Mean 2.73341
Standard Error 0.056512
Median 2.773926
Mode #N/A 
Standard Deviation 0.3996
Sample Variance 0.159681
Kurtosis -0.3752
Skewness 0.001428
Range 1.785141
Minimum 1.79715
Maximum 3.582291
Sum 136.6705
Count 50
Largest(1) 3.582291
Smallest(1) 1.79715
Confidence 
Level(95.0%) 0.113565
 
 
          LS-67-3 Size (Width)                                                 LS-67-4 Size (Width)  
 
                   
          
                          
Mean 1.370272 
Standard Error 0.031333 
Median 1.395721 
Mode #N/A 
Standard Deviation 0.221557 
Sample Variance 0.049087 
Kurtosis 0.40472 
Skewness -0.56404 
Range 1.047546 
Minimum 0.78064 
Maximum 1.828186 
Sum 68.51361 
Count 50 
Largest(1) 1.828186 
Smallest(1) 0.78064 
Confidence 
Level(95.0%) 0.062966 
Mean 0.590614
Standard Error 0.021844
Median 0.557196
Mode #NUM! 
Standard Deviation 0.154461
Sample Variance 0.023858
Kurtosis -1.24276
Skewness 0.304203
Range 0.519434
Minimum 0.359619
Maximum 0.879053
Sum 29.53071
Count 50
Largest(1) 0.879053
Smallest(1) 0.359619
Confidence 
Level(95.0%) 0.043897
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           LS-67-5 Size (Width)                                                LS-78-1 Size (Width) 
 
                    
      
                 
Mean 0.250148 
Standard Error 0.009141 
Median 0.243225 
Mode #NUM! 
Standard Deviation 0.066549 
Sample Variance 0.004429 
Kurtosis -0.22638 
Skewness 0.43 
Range 0.290573 
Minimum 0.13411 
Maximum 0.424683 
Sum 13.25783 
Count 53 
Largest(1) 0.424683 
Smallest(1) 0.13411 
Confidence 
Level(95.0%) 0.018343 
Mean 4.64886
Standard Error 0.137223
Median 4.544861
Mode #N/A 
Standard Deviation 0.970312
Sample Variance 0.941506
Kurtosis -0.74063
Skewness 0.116972
Range 4.218445
Minimum 2.770325
Maximum 6.98877
Sum 232.443
Count 50
Largest(1) 6.98877
Smallest(1) 2.770325
Confidence 
Level(95.0%) 0.27576
                           
 
 
             LS-78-2 Size (Width)                                              LS-78-3 Size (Width)   
 
                     
                
                                                          
Mean 2.549542 
Standard Error 0.059482 
Median 2.533695 
Mode #N/A 
Standard Deviation 0.420605 
Sample Variance 0.176908 
Kurtosis -0.37118 
Skewness -0.1853 
Range 1.871796 
Minimum 1.428497 
Maximum 3.300293 
Sum 127.4771 
Count 50 
Largest(1) 3.300293 
Smallest(1) 1.428497 
Confidence 
Level(95.0%) 0.119534 
Mean 1.496056
Standard Error 0.027287
Median 1.535538
Mode #N/A 
Standard Deviation 0.192947
Sample Variance 0.037229
Kurtosis -0.74768
Skewness -0.37226
Range 0.742871
Minimum 1.101135
Maximum 1.844006
Sum 74.80279
Count 50
Largest(1) 1.844006
Smallest(1) 1.101135
Confidence 
Level(95.0%) 0.054835
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             LS-78-4 Size (Width)                                              LS-78-5 Size (Width) 
 
       
      
                          
Mean 0.616758 
Standard Error 0.019832 
Median 0.619476 
Mode #NUM! 
Standard Deviation 0.140231 
Sample Variance 0.019665 
Kurtosis -1.01411 
Skewness -0.04724 
Range 0.529785 
Minimum 0.347168 
Maximum 0.876953 
Sum 30.83791 
Count 50 
Largest(1) 0.876953 
Smallest(1) 0.347168 
Confidence 
Level(95.0%) 0.039853 
Mean 0.227767
Standard Error 0.00702
Median 0.216736
Mode #NUM! 
Standard Deviation 0.050619
Sample Variance 0.002562
Kurtosis -0.85948
Skewness 0.053237
Range 0.216797
Minimum 0.113709
Maximum 0.330505
Sum 11.84389
Count 52
Largest(1) 0.330505
Smallest(1) 0.113709
Confidence 
Level(95.0%) 0.014092
 
 
          SS-67-1 Size (Width)                                                  SS-67-2 Size (Width)   
 
          
        
                                
Mean 4.532044 
Standard Error 0.141176 
Median 4.525875 
Mode #N/A 
Standard Deviation 0.998265 
Sample Variance 0.996533 
Kurtosis -0.78966 
Skewness 0.179456 
Range 4.021259 
Minimum 2.814747 
Maximum 6.836006 
Sum 226.6022 
Count 50 
Largest(1) 6.836006 
Smallest(1) 2.814747 
Confidence 
Level(95.0%) 0.283704 
Mean 4.532044
Standard Error 0.141176
Median 4.525875
Mode #N/A 
Standard Deviation 0.998265
Sample Variance 0.996533
Kurtosis -0.78966
Skewness 0.179456
Range 4.021259
Minimum 2.814747
Maximum 6.836006
Sum 226.6022
Count 50
Largest(1) 6.836006
Smallest(1) 2.814747
Confidence 
Level(95.0%) 0.283704
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          SS-67-3 Size (Width)                                                SS-67-4 Size (Width) 
 
            
            
       
Mean 1.397266 
Standard Error 0.027838 
Median 1.423188 
Mode #N/A 
Standard Deviation 0.196844 
Sample Variance 0.038748 
Kurtosis 0.807655 
Skewness -0.6619 
Range 0.953003 
Minimum 0.794281 
Maximum 1.747284 
Sum 69.8633 
Count 50 
Largest(1) 1.747284 
Smallest(1) 0.794281 
Confidence 
Level(95.0%) 0.055942 
Mean 0.574423
Standard Error 0.01745
Median 0.574173
Mode #NUM! 
Standard Deviation 0.12339
Sample Variance 0.015225
Kurtosis -0.60857
Skewness -0.12862
Range 0.481293
Minimum 0.337647
Maximum 0.818939
Sum 28.72117
Count 50
Largest(1) 0.818939
Smallest(1) 0.337647
Confidence 
Level(95.0%) 0.035067
 
 
          SS-67-5 Size (Width)                                                   SS-78-1 Size (Width)   
 
      
      
 
                           
Mean 0.205895 
Standard Error 0.005995 
Median 0.200317 
Mode #NUM! 
Standard Deviation 0.042816 
Sample Variance 0.001833 
Kurtosis 7.626441 
Skewness 2.150909 
Range 0.255249 
Minimum 0.144043 
Maximum 0.399292 
Sum 10.50066 
Count 51 
Largest(1) 0.399292 
Smallest(1) 0.144043 
Confidence 
Level(95.0%) 0.012042 
Mean 4.491888
Standard Error 0.107055
Median 4.518662
Mode #N/A 
Standard Deviation 0.756996
Sample Variance 0.573043
Kurtosis 0.437365
Skewness 0.115327
Range 3.869141
Minimum 2.644531
Maximum 6.513672
Sum 224.5944
Count 50
Largest(1) 6.513672
Smallest(1) 2.644531
Confidence 
Level(95.0%) 0.215136
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          SS-78-2 Size (Width)                                                SS-78-3 Size (Width) 
 
       
       
       
Mean 2.624825 
Standard Error 0.071771 
Median 2.624573 
Mode #N/A 
Standard Deviation 0.507497 
Sample Variance 0.257553 
Kurtosis -0.85475 
Skewness -0.2032 
Range 1.929321 
Minimum 1.603394 
Maximum 3.532715 
Sum 131.2413 
Count 50 
Largest(1) 3.532715 
Smallest(1) 1.603394 
Confidence 
Level(95.0%) 0.144229 
Mean 1.444244
Standard Error 0.024884
Median 1.436951
Mode 1.368164
Standard Deviation 0.175957
Sample Variance 0.030961
Kurtosis 1.640858
Skewness -0.30601
Range 1.000305
Minimum 0.937134
Maximum 1.937439
Sum 72.21222
Count 50
Largest(1) 1.937439
Smallest(1) 0.937134
Confidence 
Level(95.0%) 0.050006
 
 
 
           SS-78-4 Size (Width)                                                   SS-78-5 Size (Width)   
 
      
     
  
Mean 0.524419 
Standard Error 0.019422 
Median 0.476563 
Mode #NUM! 
Standard Deviation 0.137331 
Sample Variance 0.01886 
Kurtosis -0.99423 
Skewness 0.484061 
Range 0.456146 
Minimum 0.337006 
Maximum 0.793152 
Sum 26.22097 
Count 50 
Largest(1) 0.793152 
Smallest(1) 0.337006 
Confidence 
Level(95.0%) 0.039029 
Mean 0.24542
Standard Error 0.008771
Median 0.236572
Mode #NUM! 
Standard Deviation 0.063855
Sample Variance 0.004077
Kurtosis -0.45044
Skewness 0.549069
Range 0.259338
Minimum 0.150452
Maximum 0.40979
Sum 13.00728
Count 53
Largest(1) 0.40979
Smallest(1) 0.150452
Confidence 
Level(95.0%) 0.017601
 
 
 
 
 
 
 84
2 Statistics of Size (Length) 
   
          LS-67-1 Size (Length)                                                 LS-67-2 Size (Length) 
 
    
       
                  
Mean 6.534028 
Standard Error 0.166333 
Median 6.402493 
Mode #N/A 
Standard Deviation 1.176155 
Sample Variance 1.38334 
Kurtosis 0.082937 
Skewness 0.631433 
Range 5.273054 
Minimum 4.620148 
Maximum 9.893202 
Sum 326.7014 
Count 50 
Largest(1) 9.893202 
Smallest(1) 4.620148 
Confidence 
Level(95.0%) 0.334259 
Mean 4.870436
Standard Error 0.133328
Median 4.836605
Mode #N/A 
Standard Deviation 0.942774
Sample Variance 0.888823
Kurtosis -0.93576
Skewness 0.300706
Range 3.436478
Minimum 3.380722
Maximum 6.8172
Sum 243.5218
Count 50
Largest(1) 6.8172
Smallest(1) 3.380722
Confidence 
Level(95.0%) 0.267933
        
                     
 
 
          LS-67-3 Size (Length)                                                 LS-67-4 Size (Length)  
 
      
    
                   
Mean 2.325485 
Standard Error 0.08106 
Median 2.256089 
Mode #N/A 
Standard Deviation 0.57318 
Sample Variance 0.328536 
Kurtosis 0.761651 
Skewness 0.614016 
Range 2.90726 
Minimum 1.279907 
Maximum 4.187167 
Sum 116.2742 
Count 50 
Largest(1) 4.187167 
Smallest(1) 1.279907 
Confidence 
Level(95.0%) 0.162896 
Mean 0.846489
Standard Error 0.03122
Median 0.802368
Mode #NUM! 
Standard Deviation 0.220756
Sample Variance 0.048733
Kurtosis -0.1611
Skewness 0.688342
Range 0.940216
Minimum 0.482147
Maximum 1.422363
Sum 42.32447
Count 50
Largest(1) 1.422363
Smallest(1) 0.482147
Confidence 
Level(95.0%) 0.062738
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           LS-67-5 Size (Length)                                                LS-78-1 Size (Length) 
 
          
        
                 
Mean 0.328036 
Standard Error 0.012682 
Median 0.325089 
Mode #NUM! 
Standard Deviation 0.092329 
Sample Variance 0.008525 
Kurtosis -0.22112 
Skewness 0.475094 
Range 0.390595 
Minimum 0.17395 
Maximum 0.564545 
Sum 17.38589 
Count 53 
Largest(1) 0.564545 
Smallest(1) 0.17395 
Confidence 
Level(95.0%) 0.025449 
Mean 7.055908
Standard Error 0.243035
Median 6.810509
Mode #N/A 
Standard Deviation 1.718519
Sample Variance 2.953306
Kurtosis 1.174475
Skewness 0.864085
Range 8.837995
Minimum 3.772415
Maximum 12.61041
Sum 352.7954
Count 50
Largest(1) 12.61041
Smallest(1) 3.772415
Confidence 
Level(95.0%) 0.488397
      
                 
                           
 
 
             LS-78-2 Size (Length)                                              LS-78-3 Size (Length)   
 
      
   
                   
Mean 4.760818 
Standard Error 0.164047 
Median 4.715912 
Mode #N/A 
Standard Deviation 1.159991 
Sample Variance 1.345579 
Kurtosis 1.208482 
Skewness 0.688405 
Range 5.785179 
Minimum 2.904633 
Maximum 8.689812 
Sum 238.0409 
Count 50 
Largest(1) 8.689812 
Smallest(1) 2.904633 
Confidence 
Level(95.0%) 0.329666 
Mean 2.452136
Standard Error 0.087603
Median 2.267136
Mode #N/A 
Standard Deviation 0.619445
Sample Variance 0.383712
Kurtosis 2.117961
Skewness 1.30244
Range 3.004516
Minimum 1.668091
Maximum 4.672607
Sum 122.6068
Count 50
Largest(1) 4.672607
Smallest(1) 1.668091
Confidence 
Level(95.0%) 0.176044
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             LS-78-4 Size (Length)                                              LS-78-5 Size (Length) 
 
     
      
     
Mean 0.905131 
Standard Error 0.035647 
Median 0.889305 
Mode #NUM! 
Standard Deviation 0.252063 
Sample Variance 0.063536 
Kurtosis 0.274845 
Skewness 0.538637 
Range 1.093102 
Minimum 0.439552 
Maximum 1.532654 
Sum 45.25654 
Count 50 
Largest(1) 1.532654 
Smallest(1) 0.439552 
Confidence 
Level(95.0%) 0.071636 
Mean 0.297907
Standard Error 0.011629
Median 0.276344
Mode #NUM! 
Standard Deviation 0.083855
Sample Variance 0.007032
Kurtosis 0.637571
Skewness 1.040228
Range 0.366272
Minimum 0.174561
Maximum 0.540833
Sum 15.49117
Count 52
Largest(1) 0.540833
Smallest(1) 0.174561
Confidence 
Level(95.0%) 0.023345
      
                          
 
 
          SS-67-1 Size (Length)                                                  SS-67-2 Size (Length)   
 
      
     
          
Mean 7.033135 
Standard Error 0.281223 
Median 6.859356 
Mode #N/A 
Standard Deviation 1.988546 
Sample Variance 3.954314 
Kurtosis -0.38776 
Skewness 0.433949 
Range 8.361206 
Minimum 3.377224 
Maximum 11.73843 
Sum 351.6567 
Count 50 
Largest(1) 11.73843 
Smallest(1) 3.377224 
Confidence 
Level(95.0%) 0.565138 
Mean 4.244519
Standard Error 0.153572
Median 3.982613
Mode #N/A 
Standard Deviation 1.085919
Sample Variance 1.17922
Kurtosis 1.120641
Skewness 0.880015
Range 5.209152
Minimum 2.527069
Maximum 7.736221
Sum 212.226
Count 50
Largest(1) 7.736221
Smallest(1) 2.527069
Confidence 
Level(95.0%) 0.308615
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          SS-67-3 Size (Length)                                                SS-67-4 Size (Length) 
 
        
    
        
Mean 2.144516 
Standard Error 0.074856 
Median 2.032042 
Mode #N/A 
Standard Deviation 0.529308 
Sample Variance 0.280167 
Kurtosis 4.941282 
Skewness 1.847853 
Range 2.732178 
Minimum 1.477112 
Maximum 4.20929 
Sum 107.2258 
Count 50 
Largest(1) 4.20929 
Smallest(1) 1.477112 
Confidence 
Level(95.0%) 0.150428 
Mean 0.868482
Standard Error 0.041353
Median 0.793472
Mode #NUM! 
Standard Deviation 0.292412
Sample Variance 0.085505
Kurtosis 4.742151
Skewness 1.908942
Range 1.420784
Minimum 0.487114
Maximum 1.907898
Sum 43.4241
Count 50
Largest(1) 1.907898
Smallest(1) 0.487114
Confidence 
Level(95.0%) 0.083103
            
       
 
 
          SS-67-5 Size (Length)                                                   SS-78-1 Size (Length)   
 
    
    
  
      
Mean 0.261985 
Standard Error 0.007405 
Median 0.258049 
Mode #NUM! 
Standard Deviation 0.052883 
Sample Variance 0.002797 
Kurtosis 0.541234 
Skewness 0.822635 
Range 0.237091 
Minimum 0.183807 
Maximum 0.420898 
Sum 13.36126 
Count 51 
Largest(1) 0.420898 
Smallest(1) 0.183807 
Confidence 
Level(95.0%) 0.014874 
Mean 7.381639
Standard Error 0.298862
Median 6.884152
Mode #N/A 
Standard Deviation 2.113273
Sample Variance 4.465922
Kurtosis 0.025717
Skewness 0.693401
Range 9.093045
Minimum 3.714775
Maximum 12.80782
Sum 369.082
Count 50
Largest(1) 12.80782
Smallest(1) 3.714775
Confidence 
Level(95.0%) 0.600585
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        SS-78-2 Size (Length)                                                SS-78-3 Size (Length) 
 
    
   
       
Mean 4.021477 
Standard Error 0.119574 
Median 3.947907 
Mode #N/A 
Standard Deviation 0.845515 
Sample Variance 0.714895 
Kurtosis 1.944793 
Skewness 0.859813 
Range 4.315132 
Minimum 2.470642 
Maximum 6.785774 
Sum 201.0739 
Count 50 
Largest(1) 6.785774 
Smallest(1) 2.470642 
Confidence 
Level(95.0%) 0.240292 
Mean 2.273878
Standard Error 0.065395
Median 2.237404
Mode #N/A 
Standard Deviation 0.462416
Sample Variance 0.213828
Kurtosis 0.930891
Skewness 0.397398
Range 2.547394
Minimum 1.062927
Maximum 3.610321
Sum 113.6939
Count 50
Largest(1) 3.610321
Smallest(1) 1.062927
Confidence 
Level(95.0%) 0.131417
       
 
 
 
           SS-78-4 Size (Length)                                                   SS-78-5 Size (Length)   
 
     
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
Mean 0.344065
Standard Error 0.011975
Median 0.312065
Mode #NUM! 
Standard Deviation 0.087178
Sample Variance 0.0076
Kurtosis -0.74648
Skewness 0.640706
Range 0.307251
Minimum 0.225586
Maximum 0.532837
Sum 18.23544
Count 53
Largest(1) 0.532837
Smallest(1) 0.225586
Confidence 
Level(95.0%) 0.024029
Mean 0.776672 
Standard Error 0.038498 
Median 0.669922 
Mode #NUM! 
Standard Deviation 0.272223 
Sample Variance 0.074106 
Kurtosis 0.277417 
Skewness 1.146315 
Range 1.057717 
Minimum 0.455338 
Maximum 1.513054 
Sum 38.8336 
Count 50 
Largest(1) 1.513054 
Smallest(1) 0.455338 
Confidence 
Level(95.0%) 0.077365 
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3 Statistics of Size (Area) 
 
                LS-67-1 Area                                                            LS-67-2 Area 
 
                    
 
           
Mean 20.30072 
Standard Error 0.860922 
Median 19.69619 
Mode #N/A 
Standard Deviation 6.087636 
Sample Variance 37.05931 
Kurtosis -0.53326 
Skewness 0.530939 
Range 24.47045 
Minimum 10.00324 
Maximum 34.47369 
Sum 1015.036 
Count 50 
Largest(1) 34.47369 
Smallest(1) 10.00324 
Confidence 
Level(95.0%) 1.730086 
Mean 9.430031
Standard Error 0.296288
Median 9.33879
Mode #N/A 
Standard Deviation 2.095074
Sample Variance 4.389333
Kurtosis -0.52288
Skewness 0.186492
Range 8.979484
Minimum 5.534616
Maximum 14.5141
Sum 471.5016
Count 50
Largest(1) 14.5141
Smallest(1) 5.534616
Confidence 
Level(95.0%) 0.595413
 
 
                 LS-67-3 Area                                                             LS-67-4 Area   
 
                             Mean 0.362786
Standard Error 0.023246
Median 0.306052
Mode #N/A 
Standard Deviation 0.164378
Sample Variance 0.02702
Kurtosis -0.7139
Skewness 0.66644
Range 0.597143
Minimum 0.13803
Maximum 0.735172
Sum 18.13932
Count 50
Largest(1) 0.735172
Smallest(1) 0.13803
Confidence 
Level(95.0%) 0.046716
          
                        
Mean 2.319945 
Standard Error 0.107274 
Median 2.310374 
Mode #N/A 
Standard Deviation 0.758545 
Sample Variance 0.57539 
Kurtosis -0.06195 
Skewness 0.344174 
Range 3.304971 
Minimum 0.859313 
Maximum 4.164284 
Sum 115.9973 
Count 50 
Largest(1) 4.164284 
Smallest(1) 0.859313 
Confidence 
Level(95.0%) 0.215576 
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                LS-67-5 Area                                                             LS-78-1 Area 
 
Mean 0.062089 
Standard Error 0.00416 
Median 0.059419 
Mode #NUM! 
Standard Deviation 0.030288 
Sample Variance 0.000917 
Kurtosis -0.43802 
Skewness 0.54116 
Range 0.121122 
Minimum 0.015829 
Maximum 0.136951 
Sum 3.290707 
Count 53 
Largest(1) 0.136951 
Smallest(1) 0.015829 
Confidence 
Level(95.0%) 0.008348 
Mean 23.28807
Standard Error 1.171002
Median 21.87904
Mode #N/A 
Standard Deviation 8.280233
Sample Variance 68.56226
Kurtosis 0.550094
Skewness 0.817734
Range 37.37157
Minimum 9.79305
Maximum 47.16462
Sum 1164.403
Count 50
Largest(1) 47.16462
Smallest(1) 9.79305
Confidence 
Level(95.0%) 2.353215
                                  
 
 
LS-78-2 Area                                                                              LS-78-3 Area 
 
            
 
                                                          
Mean 9.085418 
Standard Error 0.414635 
Median 9.149727 
Mode #N/A 
Standard Deviation 2.931913 
Sample Variance 8.596112 
Kurtosis -0.60468 
Skewness 0.265171 
Range 11.44114 
Minimum 3.509133 
Maximum 14.95027 
Sum 454.2709 
Count 50 
Largest(1) 14.95027 
Smallest(1) 3.509133 
Confidence 
Level(95.0%) 0.83324 
Mean 2.573868
Standard Error 0.10854
Median 2.36178
Mode #N/A 
Standard Deviation 0.767491
Sample Variance 0.589042
Kurtosis 1.43712
Skewness 1.187279
Range 3.414958
Minimum 1.589489
Maximum 5.004447
Sum 128.6934
Count 50
Largest(1) 5.004447
Smallest(1) 1.589489
Confidence 
Level(95.0%) 0.218118
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                LS-78-4 Area                                                                LS-78-5 Area 
 
           
 
                           
Mean 0.406979 
Standard Error 0.024147 
Median 0.420068 
Mode #NUM! 
Standard Deviation 0.170747 
Sample Variance 0.029155 
Kurtosis 0.145834 
Skewness 0.48607 
Range 0.741444 
Minimum 0.11647 
Maximum 0.857914 
Sum 20.34897 
Count 50 
Largest(1) 0.857914 
Smallest(1) 0.11647 
Confidence 
Level(95.0%) 0.048526 
Mean 0.051618
Standard Error 0.003464
Median 0.045036
Mode #NUM! 
Standard Deviation 0.024976
Sample Variance 0.000624
Kurtosis 0.217071
Skewness 0.943177
Range 0.109162
Minimum 0.016406
Maximum 0.125568
Sum 2.684147
Count 52
Largest(1) 0.125568
Smallest(1) 0.016406
Confidence 
Level(95.0%) 0.006953
    
 
                  SS-67-1 Area                                                             SS-67-2 Area   
 
                           
             
                                
Mean 23.6418 
Standard Error 1.364633 
Median 22.66596 
Mode #N/A 
Standard Deviation 9.649412 
Sample Variance 93.11115 
Kurtosis -0.54923 
Skewness 0.302625 
Range 40.01598 
Minimum 7.013923 
Maximum 47.0299 
Sum 1182.09 
Count 50 
Largest(1) 47.0299 
Smallest(1) 7.013923 
Confidence 
Level(95.0%) 2.742331 
Mean 7.912135
Standard Error 0.424828
Median 7.219286
Mode #N/A 
Standard Deviation 3.003986
Sample Variance 9.023933
Kurtosis 1.63688
Skewness 1.010407
Range 15.07981
Minimum 3.438015
Maximum 18.51782
Sum 395.6067
Count 50
Largest(1) 18.51782
Smallest(1) 3.438015
Confidence 
Level(95.0%) 0.853723
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             SS-67-3 Area                                                                  SS-67-4 Area 
 
            
 
  
 
 
Mean 2.153202 
Standard Error 0.089133 
Median 2.040325 
Mode #N/A 
Standard Deviation 0.630266 
Sample Variance 0.397235 
Kurtosis 1.129801 
Skewness 0.924481 
Range 2.98984 
Minimum 1.212771 
Maximum 4.202611 
Sum 107.6601 
Count 50 
Largest(1) 4.202611 
Smallest(1) 1.212771 
Confidence 
Level(95.0%) 0.179119 
Mean 0.373076
Standard Error 0.027757
Median 0.33076
Mode #NUM! 
Standard Deviation 0.19627
Sample Variance 0.038522
Kurtosis 2.834411
Skewness 1.479737
Range 0.900927
Minimum 0.115469
Maximum 1.016396
Sum 18.65378
Count 50
Largest(1) 1.016396
Smallest(1) 0.115469
Confidence 
Level(95.0%) 0.055779
                  SS-67-5 Area                                                            SS-78-1 Area   
 
                    
                
                  
Mean 0.040306 
Standard Error 0.002198 
Median 0.03671 
Mode #NUM! 
Standard Deviation 0.0157 
Sample Variance 0.000246 
Kurtosis 5.936451 
Skewness 1.950204 
Range 0.087121 
Minimum 0.020462 
Maximum 0.107583 
Sum 2.055597 
Count 51 
Largest(1) 0.107583 
Smallest(1) 0.020462 
Confidence 
Level(95.0%) 0.004416 
Mean 24.71694
Standard Error 1.333918
Median 23.02896
Mode #N/A 
Standard Deviation 9.432225
Sample Variance 88.96688
Kurtosis 0.646822
Skewness 0.881915
Range 43.02628
Minimum 8.933169
Maximum 51.95945
Sum 1235.847
Count 50
Largest(1) 51.95945
Smallest(1) 8.933169
Confidence 
Level(95.0%) 2.680607
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                SS-78-2 Area                                                                 SS-78-3 Area 
 
                   
                
 
Mean 7.689767 
Standard Error 0.361183 
Median 7.869883 
Mode #N/A 
Standard Deviation 2.553947 
Sample Variance 6.522646 
Kurtosis 3.105518 
Skewness 1.054727 
Range 13.72819 
Minimum 3.836419 
Maximum 17.56461 
Sum 384.4883 
Count 50 
Largest(1) 17.56461 
Smallest(1) 3.836419 
Confidence 
Level(95.0%) 0.725823 
Mean 2.344528
Standard Error 0.083182
Median 2.353764
Mode #N/A 
Standard Deviation 0.588187
Sample Variance 0.345964
Kurtosis -0.11255
Skewness -0.0021
Range 2.667128
Minimum 0.818948
Maximum 3.486076
Sum 117.2264
Count 50
Largest(1) 3.486076
Smallest(1) 0.818948
Confidence 
Level(95.0%) 0.167161
 
 
                 SS-78-4 Area                                                              SS-78-5 Area   
 
                          
         
          
             
Mean 0.296466 
Standard Error 0.024791 
Median 0.2179 
Mode #NUM! 
Standard Deviation 0.175298 
Sample Variance 0.030729 
Kurtosis 0.133601 
Skewness 1.13297 
Range 0.665551 
Minimum 0.106177 
Maximum 0.771728 
Sum 14.82329 
Count 50 
Largest(1) 0.771728 
Smallest(1) 0.106177 
Confidence 
Level(95.0%) 0.049819 
Mean 0.061951
Standard Error 0.004016
Median 0.050069
Mode #NUM! 
Standard Deviation 0.029239
Sample Variance 0.000855
Kurtosis 0.379034
Skewness 1.015864
Range 0.120668
Minimum 0.025419
Maximum 0.146087
Sum 3.283409
Count 53
Largest(1) 0.146087
Smallest(1) 0.025419
Confidence 
Level(95.0%) 0.008059
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4 Statistics of Angularity 
 
                LS-67-1 Angularity                                                  LS-67-3 Angularity 
 
                     
 
 
Mean 1.134695 
Standard Error 0.008675 
Median 1.121181 
Mode #N/A 
Standard Deviation 0.061343 
Sample Variance 0.003763 
Kurtosis 1.125479 
Skewness 0.943946 
Range 0.301936 
Minimum 1.019588 
Maximum 1.321524 
Sum 56.73473 
Count 50 
Largest(1) 1.321524 
Smallest(1) 1.019588 
Confidence Level 
(95.0%) 0.017433 
Mean 1.080566
Standard Error 0.005771
Median 1.070523
Mode #N/A 
Standard Deviation 0.040805
Sample Variance 0.001665
Kurtosis 0.101261
Skewness 0.507079
Range 0.20045
Minimum 0.993148
Maximum 1.193597
Sum 54.02829
Count 50
Largest(1) 1.193597
Smallest(1) 0.993148
Confidence Level 
(95.0%) 0.011597
LS-67-2 Angularity                                                           LS-67-4 Angularity   
 
                          
 
 
Mean 1.091146 
Standard Error 0.007471 
Median 1.09121 
Mode #N/A 
Standard Deviation 0.052831 
Sample Variance 0.002791 
Kurtosis 0.691731 
Skewness 0.650494 
Range 0.24884 
Minimum 1.001955 
Maximum 1.250795 
Sum 54.55729 
Count 50 
Largest(1) 1.250795 
Smallest(1) 1.001955 
Confidence Level 
(95.0%) 0.015014 
Mean 1.093456
Standard Error 0.006354
Median 1.081771
Mode #NUM! 
Standard Deviation 0.044932
Sample Variance 0.002019
Kurtosis 0.182337
Skewness 0.725151
Range 0.19694
Minimum 1.027261
Maximum 1.2242
Sum 54.6728
Count 50
Largest(1) 1.2242
Smallest(1) 1.027261
Confidence 
Level(95.0%) 0.012769
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            LS-67-5 Angularity                                                LS-78-1 Angularity 
 
                       
                           
 
 
Mean 1.080236 
Standard Error 0.005004 
Median 1.069501 
Mode #NUM! 
Standard Deviation 0.03643 
Sample Variance 0.001327 
Kurtosis 3.794917 
Skewness 1.639062 
Range 0.19711 
Minimum 1.024234 
Maximum 1.221344 
Sum 57.25249 
Count 53 
Largest(1) 1.221344 
Smallest(1) 1.024234 
Confidence 
Level(95.0%) 0.010041 
Mean 1.086242
Standard Error 0.006537
Median 1.080562
Mode #N/A 
Standard Deviation 0.046224
Sample Variance 0.002137
Kurtosis -0.67454
Skewness 0.265306
Range 0.181904
Minimum 0.994886
Maximum 1.17679
Sum 54.3121
Count 50
Largest(1) 1.17679
Smallest(1) 0.994886
Confidence 
Level(95.0%) 0.013137
      LS-78-2 Angularity                                                           LS-78-3 Angularity   
 
                                                          
 
 
 
Mean 1.066758 
Standard Error 0.004867 
Median 1.062061 
Mode #N/A 
Standard Deviation 0.034418 
Sample Variance 0.001185 
Kurtosis 3.135031 
Skewness 1.299091 
Range 0.180315 
Minimum 1.005214 
Maximum 1.18553 
Sum 53.33789 
Count 50 
Largest(1) 1.18553 
Smallest(1) 1.005214 
Confidence 
Level(95.0%) 0.009781 
Mean 1.09533
Standard Error 0.006142
Median 1.0842
Mode #N/A 
Standard Deviation 0.043434
Sample Variance 0.001886
Kurtosis 0.55192
Skewness 0.8384
Range 0.193213
Minimum 1.024623
Maximum 1.217836
Sum 54.7665
Count 50
Largest(1) 1.217836
Smallest(1) 1.024623
Confidence 
Level(95.0%) 0.012344
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             LS-78-4 Angularity                                                LS-78-5 Angularity 
 
                                Mean 1.076242
Standard Error 0.005228
Median 1.070247
Mode #NUM! 
Standard Deviation 0.037703
Sample Variance 0.001422
Kurtosis 1.239676
Skewness 0.929335
Range 0.18805
Minimum 1.009128
Maximum 1.197178
Sum 55.96457
Count 52
Largest(1) 1.197178
Smallest(1) 1.009128
Confidence 
Level(95.0%) 0.010497
    
                   
 
 
Mean 1.105521 
Standard Error 0.007021 
Median 1.096584 
Mode #NUM! 
Standard Deviation 0.049645 
Sample Variance 0.002465 
Kurtosis 1.02197 
Skewness 0.991108 
Range 0.230646 
Minimum 1.019767 
Maximum 1.250413 
Sum 55.27606 
Count 50 
Largest(1) 1.250413 
Smallest(1) 1.019767 
Confidence 
Level(95.0%) 0.014109 
     SS-67-1 Angularity                                                           SS-67-2 Angularity   
 
                                Mean 1.066022
Standard Error 0.003755
Median 1.068007
Mode #N/A 
Standard Deviation 0.02655
Sample Variance 0.000705
Kurtosis 2.01504
Skewness 0.595536
Range 0.141006
Minimum 1.011625
Maximum 1.152631
Sum 53.30109
Count 50
Largest(1) 1.152631
Smallest(1) 1.011625
Confidence 
Level(95.0%) 0.007545
              
                                                     
Mean 1.076242 
Standard Error 0.005228 
Median 1.070247 
Mode #NUM! 
Standard Deviation 0.037703 
Sample Variance 0.001422 
Kurtosis 1.239676 
Skewness 0.929335 
Range 0.18805 
Minimum 1.009128 
Maximum 1.197178 
Sum 55.96457 
Count 52 
Largest(1) 1.197178 
Smallest(1) 1.009128 
Confidence 
Level(95.0%) 0.010497 
 
 
 
 
 
 
 
 97
             SS-67-3 Angularity                                               SS-67-4 Angularity 
 
            
                     
           
                       
Mean 1.074872 
Standard Error 0.003971 
Median 1.075217 
Mode #N/A 
Standard Deviation 0.028081 
Sample Variance 0.000789 
Kurtosis 0.550662 
Skewness 0.363969 
Range 0.133812 
Minimum 1.010857 
Maximum 1.144669 
Sum 53.74362 
Count 50 
Largest(1) 1.144669 
Smallest(1) 1.010857 
Confidence 
Level(95.0%) 0.007981 
Mean 1.092509
Standard Error 0.006289
Median 1.083919
Mode #NUM! 
Standard Deviation 0.044472
Sample Variance 0.001978
Kurtosis 2.065435
Skewness 1.152851
Range 0.215658
Minimum 1.010583
Maximum 1.226241
Sum 54.62547
Count 50
Largest(1) 1.226241
Smallest(1) 1.010583
Confidence 
Level(95.0%) 0.012639
    
                   
 
 
  SS-67-5 Angularity                                                           SS-78-1 Angularity   
 
                  
 
                           
Mean 1.069468 
Standard Error 0.004879 
Median 1.061502 
Mode #NUM! 
Standard Deviation 0.034843 
Sample Variance 0.001214 
Kurtosis 1.59899 
Skewness 1.405816 
Range 0.15378 
Minimum 1.020508 
Maximum 1.174288 
Sum 54.54288 
Count 51 
Largest(1) 1.174288 
Smallest(1) 1.020508 
Confidence 
Level(95.0%) 0.0098 
Mean 1.069909
Standard Error 0.005539
Median 1.069607
Mode #N/A 
Standard Deviation 0.039167
Sample Variance 0.001534
Kurtosis 6.456677
Skewness 1.585025
Range 0.237374
Minimum 1.003439
Maximum 1.240814
Sum 53.49547
Count 50
Largest(1) 1.240814
Smallest(1) 1.003439
Confidence 
Level(95.0%) 0.011131
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             SS-78-2 Angularity                                                SS-78-3 Angularity 
 
           
 
                      
Mean 1.069194 
Standard Error 0.004341 
Median 1.067381 
Mode #N/A 
Standard Deviation 0.030699 
Sample Variance 0.000942 
Kurtosis -0.14578 
Skewness 0.597912 
Range 0.126729 
Minimum 1.019848 
Maximum 1.146577 
Sum 53.45969 
Count 50 
Largest(1) 1.146577 
Smallest(1) 1.019848 
Confidence 
Level(95.0%) 0.008724 
Mean 1.097075
Standard Error 0.00651
Median 1.089366
Mode #N/A 
Standard Deviation 0.04603
Sample Variance 0.002119
Kurtosis 1.449229
Skewness 1.19239
Range 0.202159
Minimum 1.035777
Maximum 1.237935
Sum 54.85373
Count 50
Largest(1) 1.237935
Smallest(1) 1.035777
Confidence 
Level(95.0%) 0.013082
    
                   
 
 
      SS-78-4 Angularity                                                           SS-78-5 Angularity   
 
Mean 1.117412 
Standard Error 0.006891 
Median 1.108309 
Mode #NUM! 
Standard Deviation 0.04873 
Sample Variance 0.002375 
Kurtosis 0.151191 
Skewness 0.66866 
Range 0.206897 
Minimum 1.035468 
Maximum 1.242365 
Sum 55.87058 
Count 50 
Largest(1) 1.242365 
Smallest(1) 1.035468 
Confidence 
Level(95.0%) 0.013849 
Mean 1.098607
Standard Error 0.007553
Median 1.082475
Mode #NUM! 
Standard Deviation 0.054989
Sample Variance 0.003024
Kurtosis 0.882438
Skewness 1.162536
Range 0.233607
Minimum 1.024255
Maximum 1.257862
Sum 58.22619
Count 53
Largest(1) 1.257862
Smallest(1) 1.024255
Confidence 
Level(95.0%) 0.015157
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